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Kosmos 60 is today the most talked about 
furnace black for reinforcing natural and synthetic 
rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 
standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York ® Akron ® Chicago © Boston © Memphis 
Canada: Canadian Industries (1954) Limited. 
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Ponca City, Oklahoma Westlake, Louisiana 
Eunice, New Mexico Sunray, Texas 


Separate locations—yes...but the same high quality comes from all 
Witco-Continental plants. Produced under strict laboratory controi, these 
rubber blacks are designed to meet all customer specifications. 


CONTINEX® SRF, SRF-NS, HMF, HAF, FEF, ISAF, CF 
CONTINENTAL® AA, A, F, R-40 


WITCO CHEMICAL COMPANY, 


CONTINENTAL CARBON COMPANY 
122 EAST 42nd STREET, NEW YORK 17, N.Y. 


Chicago + Boston + Akron « Atlanta + Houston + Los Angeles 
« San Francisco « London and Manchester, England 


ered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 
Pe 24, 1912. Acceptance for mailing at ial rate of postage provided for in paragraph (d-2), 
Section 34 "40, P. L. and R. of 1948, authorized tember 25, 1940. 
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For tensile strength, toughness, elasticity . . . or any number 
ef desirable qualities in your finished product . . . use the 
proper Philblack in your recipe! 

Your Phillips technical representative can help you take 
full advantage of the benefits Philblack offers. Tell us about 
your product and your specific needs. *A trademark 


LET ALL THE PHILBLACKS WORK FOR YOU! 


Philblack A, Fast Extrusion Furnace Black. Excellent tubing, molding, calen- 
dering, finish! Mixes easily. Disperses heat. Non-staining. 


Philbiack 0, High Abrasion Furnace Black. For long, durable life. Good 
conductivity. Excellent flex life and hot tensile. Easy processing. 


Philblack |, Intermediate Super Abrasion Furnace Black. Superior abrasion. 
More tread miles at moderate cost. 


Philblack £, Super Abrasion Furnace Black. Toughest black yet! Extreme 
resistance to abrasion. 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water St., Akron 8, Ohio. 


District Offices: Chicago, Providence and Trenton. 
West Coast: Harwick Standard Chemical Company, Los Angeles, California. 
Warehouse stocks at above points and Toronto, Canada. 
Expert Seles: 80 Broadway, New York 5, N. Y. 
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Hawe you tried . 


Activator 


‘Sharples’ brand ETHYLAC . . . widely used as a primary accele- 
rator . . . has now shown outstanding characteristics as a delayed 
action activator UYere are the results of a study based on a 
general purpose, intermediate modulus, high quality compound 
..a type usually accelerated with a thiazole accelerator. 
ETHYLAC was added at two levels as an activator. 


Smoked" Sheet Blend. | 


Zine 


T-5 @ 248°F. 
T-5 @ 266°F. 
Cure 284 F. | M300 T E M300 
ae 122§ 3275 610 3900 600 
1725 3825 4600 6. 4. 2900. 400 7 
(2025 3825 ¢ 25 3025 20 7? 
“2100 3975 530 3 


Write for your copy of our Technical Bulletin S-130 on 
ETHYLAC as an activator. It contains data on MBTS, DIPAC® 
and other thiazole type accelerators activated with ETHYLAC. 


See our Catalog in CMC. 


INDUSTRIAL DIVISION 
PENNSALT CHEMICALS CORPORATION 


Center, 
3 Penn Center 2 Po. Pennsalt 


Martin Hoyt & Milne, San Froncico ond Los Angeles emica 


ESTABLISHED 1850 


Airco C I, New Y 
Pennsalt Chemicals of Canado ltd., “Hamilton, 
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YOUR PRODUCT DESERVES 


DU PONT 


RUBBE 


R 


CHEMICALS 


DEPENDABLE IN PERFORMANCE... UNIFORM IN QUALITY 


Thiuram E 
Thiuram E Grains 
Thiuram M 
Thiuram M Grains 
Zenite 

Zenite Special 


Accelerator 89 

Accelerator 552 

Accelerator 808 
833 


ANTI-OXIDANTS 

Akroflex C Pellets Neozone A Pellets Thermoflex A Pellets 
Akroflex CD Pellets Neozone D Zalba 

Antox Permalux 


AQUAREXES 


Aquarex D 
Aquarex G 
Aquarex L 


BLOWING AGENTS 
Unicel ND Unicel NDX Unicel S 


COLORS — Rubber Dispersed Colors 
Rubber Red PBD Rubber Blue PCD 
Rubber Red 2BD Rubber Blue GD 
Rubber Yellow GD Rubber Orange OD 
Rubber Green GSD 


Aquarex MDL 
Aquarex ME 
Aquarex NS 


Aquarex SMO 
Aquarex WAQ 


DISTRICT OFFICES 


Akron 8, Ohio, 40 E. Buchtel Aven... 2.2... POrtage 2-8461 
Atlanta, Ga., 1261 Spring Si. NW. 2... TRinity 5-5391 
Boston 10, Mass., 140 Federal St. HAncock 6-1711 
Charlotte 2, N. C., FRanklin 5-5561 
Chicago 3, Ill., 7 South Dearborn St. . . . . . . ANdover 3-7000 
Detroit 35, Mich., 13000 W. 7-Mile Rd UNiversity 4-1963 
Houston 6, Texas, 2601A West Grove Lane. . . . MOhawk 7-7429 
Los Angeles 58, Calif., 2930 E. 44th St. LUdlow 2-6464 
Palo Alto, Calif., 701 Weich Rd DAvenport 6-7550 
Trenton 8, N. J., 1750 N. Olden Ave. : EXport 3-7141 

In New York call WAlker 5-3290 
in Canada contact: Du Pont Company of Canada (1956) Ltd., Box 660, Montreal 


ORGANIC ISOCYANATES 


Hylene* M 
Hylene* M-50 
Hylene* MP 


PEPTIZING AGENTS 
Endor 

RPA No. 2 

RPA No. 3 


Hylene* T 
Hylene* TM 
Hylene* TM-65 


RPA No. 3 Concentrated 
RPA No. 6 


RECLAIMING CHEMICALS 


RPA No. 3 


SPECIAL-PURPOSE CHEMICALS 


Copper inhibitor 65—In- 
hibits catalytic action of 
copper on elastomers 


ELA—Elastomer lubricat- 
ing agent 


HELIOZONE—Sun- 
checking inhibitor 


NBC —Inhibits weather 
and ozone cracking of 
SBR compounds. Im- 
proves heat and sun- 
light discoloration resist- 
ance of neoprene stocks. 


RETARDER W 
Retarder-activator for 
acidic accelerators. Also 
an activator for certain 
blowing agents. 


*REG. U.S. PAT. OFF 


E. 1. du Pont de Nemours & Co. (Inc.) 
Elastomer Chemicals Department 
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Tepidone 
MBT Tetrone A 
MBTS Thionex 
MBTS Grains Thionex Grains 
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* Better Things for Better Living 
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Home of quality—in product and service! 


Pictured above is the home of the 
Goodyear Chemical Division — the 
home of one of the most complete 
lines of raw materials for the rub- 
ber industry. 


Here quality of product is a prime 
consideration, but of equal concern 
is the quality of service accompany- 
ing the product’s sale and supply. 
Here well-staffed and well-equipped 
development and sales service labo- 
ratories are maintained. Here 


a 


(CHEMIGUM | 


Chemigum, Pliofiex, Pliolite, Pliovic, Wing-Stay —T. M."s The Goodyear Tire & Rubber Company, Akron, Ohio 


oflex 


PLIOVIC 


extensive technical literature is 
prepared. Here sales representa- 
tives are carefully and specifically 
trained. 


Here then, is the place for you to 
go, when you need styrene or nitrile 
rubbers or latices, reinforcing 
resins, antioxidants or other rubber 
chemicals. For full details, includ- 
ing the latest Tech Book Bulletins, 
just write to Goodyear, Chemical 
Division, Akron 16, Ohio. 


CHEMICAL DIVISION 


CHEMIGUM «+ PLIOFLEX * PLIOLITE 
* WING-CHEMICALS 
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For full information and technical assistance on applications 
of ENJAY BUTYL, write or phone: 


ENJAY COMPANY, INC. 
15 W. 51st St., New York 19, N. Y., Tel. PLaza 7-1200 


Other Offices: Akron: Boston: Chicago Pioneer in 
Detroit-Los Angeles: New Orleans:Tulsa Petrochemicals 
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Published by AMERICAN CYANAMID COMPANY, Rubber Chemicals Department, Bound Brook, New Jersey 


PEPTON® 22—A Non-Staining 
Catalytic Plasticizer For SBR 
and Natural Rubber 


A great many chemicals, as well 
as a number of mechanical treat- 
ments, have been tried and used 
in obtaining or approaching the 
desired plasticity in natural rub- 
ber and synthetic rubber com- 
pounds. Many of the chemicals 
have been objectionable from an 
odor and toxicity standpoint 
while the mechanical treatments 
have been generally slow and 
power-consuming. A chemical 
which is not objectionable and 
which is a highly effective cata- 
lytic plasticizer for natural rub- 
ber and the various types of 
SBR is Cyanamid’s Pepton 22 
Plasticizer. 

Pepton 22 Plasticizer is non- 
staining and will not discolor 
white or light-colored stocks. It 
produces good physical properties 
and has no adverse effect on 
aging. Pepton 22 Plasticizer can 
reduce breakdown time by as 
much as 50%. Power cost reduc- 
tion and more effective utiliza- 
tion of Banbury and mill mixing 
equipment can be obtained by 
using this catalytic plasticizer. 
Easier mastication with Pepton 
22 Plasticizer results in a lower 
heat history and reduces scorch 
possibilities. It also results in 
better control of gel build-up and 
the Mooney Viscosity shows no 
appreciable change on standing. 

The outstanding activity of 
Pepton 22 Plasticizer in rubber 
compounding is illustrated in 
Cyanamid Technical Bulletin No. 
816. Ask your Cyanamid Rubber 
Chemicals representative for a 
copy of this informative publi- 
cation, or write to American 
Cyanamid Company, Rubber 
Chemicals Department, Bound 
Brook, New Jersey. 


Guanidines DPG and DOTG 
As Secondary Accelerators 
and Activators 


The guanidines DPG and DOTG 
were extensively used as primary 
accelerators until the early 
1930’s, when they were largely 
replaced in that capacity by 
thiazoles. 

As a result of their basicity, 
however, it was found that the 
guanidines had a strong activat- 
ing effect on the thiazoles. Almost 
before the old application was 
dead, a new one had opened up 
for them as secondary accelera- 
tors and activators with the vari- 
ous thiazoles and thiazole deriva- 
tives, particularly in butadiene- 
styrene copolymers, which cure 
at a slower rate than natural 
rubber. Although they are still 
sometimes used as primary ac- 
celerators in highly loaded me- 
chanical stocks, it is in the capac- 
ity of secondary accelerators that 
guanidines DPG and DOTG find 
their greatest application today. 
For example, delayed-action type 
accelerators, at times, are too 
slow curing for a particular set 
of processing conditions. In such 
cases, the use of DPG or DOTG 
as secondary accelerators results 
in a faster curing rate with im- 
proved physical properties dur- 
ing the early stages of cure. 

The guanidines are proving 
particularly valuable in stocks 
for footwear, heels, soles, tires, 
hard rubber and molded goods in 
general. 

Full details of guanidine ac- 
celerators DPG and DOTG are 
contained in Cyanamid Technical 
Bulletin No. 848. Ask your Cy- 
anamid Rubber Chemicals repre- 
sentative for your copy, or write 
to American Cyanamid Company, 
Rubber Chemicals Department, 
Bound Brook, New Jersey. 
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No matter what signal code is used “M-Q-P-D” 
means that TEXAS CHANNEL BLACKS give 
more quality per dollar. 


TEXAS ‘’E’’ and TEXAS CHANNEL 
BLACKS can be counted on to always give 
M-Q-P-D when used alone or in blends with fast 
curing furnace blacks, There is nothing more im- 
portant these days than maintaining quality with 
no increase in product cost. 


Sid Richardson 
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HI-SIL° GIVES NEW STRETCH TO VALUES 


Used alone or in combination loadings of both black and non-black stocks, 
Hi-Sil 233 upgrades physical properties at extremely attractive costs 
Steadily increasing numbers of compounders are now using Hi-Sil 233, Columbia- 
Southern’s white silica reinforcing pigment, in recipes that formerly called for 

either silicate type reinforcers or carbon blacks. Here are four reasons why: 

1. Good color qualities while retaining exceptional physical characteristics. 

2. Much better physical properties at the same pound-volume cost. 

3. Measurably equal quality at lower pound-volume cost. 

4. In some instances, improved quality at slightly lower pound-volume cost. 
Write today for helpful information about improving your industrial and 
consumer goods formulations with Hi-Sil. Room 1929-T, at our Pittsburgh Office. 


COLUMBIA-SOUTHERN CHEMICAL CORPORATION 
Subsidiary of Pittsburgh Plate Glass Compariy « One Gateway Center, Pittsburgh 22, Penna. 
DISTRICT OFFICES: Cincinnati « Charlotte « Chicago « Cleveland « Boston « New York « St. Louis 
Minneapolis « New Orleans « Dallas « Houston e Pittsburgh « Philadelphia « San Francisco 
IN CANADA: Standard Chemical Limited 
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Another first from Mc-nsanto 


SANTOFLEX AW...antiozonant pioneer 
guards rubber against cracking caused by 
ozone attack—sets the ‘‘standard for comparison”’ 


“Small but virulent” aptly describes 
ozone attack on rubber. In today’s tech- 
nology, ozone is recognized as the in- 
sidious culprit it is... often the cause 
of troubles previously attributed to poor 
compounds, excessive flexing, sunshine 
and heat! Ozone’s drastic effect on the 
physical properties of rubber under 
stress shows up in the formation of 
cracks—a few deep ones dr a myriad 
of small ones. 


Although ozone rarely occurs naturally 
in concentrations as high as 50 parts 
per 100 million parts of air, itis universally 
present in the atmosphere, always a 
threat to rubber, especially under dy- 
namic stress and even when stored under 
static level. Santoflex vaccinates styrene- 
butadiene rubber, as well as natural and 
nitrile rubbers, against ozone attack. 


Like the blooming type of waxes and 
other antiozonants, Santoflex AW is 
capable of slow migration to supply a 
continuous protective barrier. But un- 
like wax, which is often undesirable and 
ineffective because the wax film rup- 
tures upon flexing, Santoflex AW retards 
flex cracking even under dynamic stress. 


Santoflex AW was the first commercial 
antiozonant for rubber .. . and through 
its twelve years’ successful use in tire 
sidewalls, power cable insulation and 
other electrical applications, tubing, 
motor mounts and similar products, sets 
the highest “standard for comparison” 
of ozone protection. When you suspect 
your compounds will be exposed to 
ozone attack under stress, if you come 
up against a flex cracking problem 
caused by ozone, or if you are now using 
another antiozonant, try Santoflex AW 
and see the difference it makes. We'll 
be glad to help. Just write: 


MONSANTO CHEMICAL COMPANY 
Rubber Chemicals Dept. 
Akron 11, Ohio... Tel.: HEmlock 4-1921 
In Caneda: Monsante Canada Ltd., Montreal 


STATIC OZONE TEST 
(48 hours) 


No Antiozonant Santofiex AW 


DYNAMIC OZONE TEST 
(48 hours—36,000 flexes) 


No Antiozonant Santofiex AW 


See the difference Santofiex AW makes in tire- 
tread stock which was bent around a mandrel and 
exposed to approximately 50 parts of ozone per 
100 million parts of air for 48 hours, 


ACCELERATORS —for fast, slow, and regulated 
rates of safe cure 


ANTIOXIDANTS—for positive protection against 
oxidation degradation 


PLASTICIZERS 
SPECIALTY PROCESSING COMPOUNDS 
Sontofler—T. M. Monsanto Chemical Company 


Monsanto 
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CURRENT PHILPRENE POLYMERS 


PHILPRENE 1000 
PHILPRENE 1001 
PHILPRENE 1006 
PHILPRENE 1009 
PHILPRENE 1010 
PHILPRENE 1018 
PHILPRENE 1019 


PHILPRENE 1100 
(Pigmented with EPC Black) 
PHILPRENE 1104 


PHILPRENE 1500 
PHILPRENE 1502 
PHILPRENE 1503 


PHILPRENE 1600 
PHILPRENE 1601 
PHILPRENE 1605 


PHILPRENE 1703 
PHILPRENE 1706 
PHILPRENE 1708 
PHILPRENE 1712 


PHILPRENE 1803 
PHILPRENE 1805 


There’s a Philprene polymer to 
fit your individual requirements. 
With 21 different Philprene rub- 
bers to choose from, you can 
select one that’s practically 
custom-made for your operation. 
Refer to our new Philprene 
brochure for the polymer best 
suited to your product. Phillips 
also maintains a staff of techni- 
cal representatives who are thor- 
oughly familiar with the rubber 
field and its problems. Consult 
your Phillips technical represent- 
ative. Take advantage of this 

valuable advisory service. 
*A trademark 


66. PHILLIPS CHEMICAL COMPANY 
Rubber Chemicals Division ¢ 318 Water Street, Akron 8, Ohio 
District offices: Chicago, Providence and Trenton * Warehouses: Akron, Boston, Chicago, Trenton 
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FURNACE BLACK 


Quality HAF 
In the Industry 


Rubber manufacturers the world over use Cabot Vulcan 3 
in passenger car tires and tread rubber for the best of reasons 
—they profit more by it. That’s because Vulcan 3 delivers 
more — trouble-free performance, outstanding reinforcement, 
high abrasion resistance, excellent processing and extrusion. 

Vulcan 3 is another top quality product from Cabot, world 
leader in carbon black . . . and first, too, in service. 


CHANNEL BLACKS: Spheron 9 EPC @ Spheron 6 MPC @ Spheron C CC 
FURNACE BLACKS: Vulcan 9 SAF @ Vulcan 6 ISAF ® Vulcan 3 HAF 
Vulean SC SCF @ Vulcan C CF @ Sterling 99 FF © Sterling SO FEF 

Sterling V GPF © Sterling L HMF © Sterling LL HMF © Sterling S SRF 

Pelletex SRF © Pelletex NS SRF @ Sterling NS SRF © Sterling R SRF 

Gastex SRF THERMAL BLACKS: Sterling FT © Sterling MT © Sterling MT-NS 


® Free Samples, Technical Literature Available 


CABOT GODFREY L. CABOT, INC. 


77 FRANKLIN STREET, BOSTON 10, MASS, 
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The Division has need of two copies 
of RUBBER CHEMISTRY AND 
TECHNOLOGY, #1, Volume I, in 
an excellent state of preservation. 
Anyone having an issue available 
which they czre to dispose of please 
write: 


George E. Popp, Treasurer 
Division of Rubber Chemistry, A.C.S. 
318 Water Street | 
Akron 8, Ohio 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


IF YOU PROCESS | BECAUSE 


Olt EXTENDED 
POLYMERS 
GR-S TYPES 1703 
1707 


1708 
1801 


CIRCOSOL-2XH 


New low cost! Low 
staining properties 
on white goods. 
Improves GR-S re- 
bound. Constant 
uniformity assures 
minimum down- 
grading. 


OIL EXTENDED 
POLYMERS 
GR-S TYPES 1705 
1709 


1710 


SUNDEX-53 


Versatile. Highly 
compatible with 
natural rubber, re- 
claims, GR-S types. 


NEOPRENE WHV 


SUNDEX-53 


Cost of compounds 
comparable to low- 


cost elastomers. 


True softening by 
physical changes 


CIRCO LIGHT 
and n rubber struc- 


“UBER 
ture. Large quan- 
PROUISS-AID | tities 
| without blooming. 


To learn more about using Sun Rubber Process Aids to get better physicals, 
lower costs, and easier processing, see your Sun representative. Or write 
for your copy of Sun's latest Technical Bulletin describing any of the above 
products. Address SuN Om Company, Philadelphia 3, Pa., Dept. RC-1. 


REGULAR NEOPRENES 


| 
| 
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INDUSTRIAL PRODUCTS DEPARTMENT 


SUN OIL COMPANY 


PHILADELPHIA 3, PA. 
IN CANADA: SUN OIL COMPANY, LTD., TORONTO AND MONTREAL 
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COLUMBIAN 
CARBON BLACKS 


for RUBBER COMPOUNDING © 


STATEX®-160 SAF (Super Abrasion Furnace) 


STATEX®-125 ISAF 
(Intermediate Super Abrasion Furnace) 


STATEX-R HAF (High Abrasion Furnace) 


STANDARD MICRONEX® MPC 
(Medium Processing Channel) 


MICRONEX W-G6 EPC (Easy Processing Channel) 
STATEX-B FF Fine Furnace) 

STATEX-M FEF (fast extruding Furnace) 
STATEX-93 HMF (High Modules Furnace) 
STATEX-G GPF (General Purpose Furnace) 
FURNEX® SRF (Somi-Reinforcing Furnace) 


+ COLUMBIAN COLLOIDS - 


COLUMBIAN CARBON COMPANY 


380 Madison Ave. UE pe New York 17, N.Y. 
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countries not United States possessions. 


All applications to become Members or Associates of the Division of Rubber 
Chemistry, with the privilege of receiving this publication, all correspondence about 
subscriptions, back numbers, changes of address, missing numbers, and all other informa- 
tion or questions should be directed to the Treasurer of the Division of Rubber Chemistry , 
George E. Popp, Phillips Chemical Co., 318 Water St., Akron 8, Ohio. 


Articles, including translations and their illustrations, may be reprinted if due 
credit is given RuBBER CHEMISTRY AND TECHNOLOGY. 
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THE DIVISION OF RUBBER CHEMISTRY OF 
THE AMERICAN CHEMICAL SOCIETY 


OFFICERS AND EXECUTIVE COMMITTEE 


Chairman R. F. Dunsrook, Firestone Tire & Rubber Co., Akron, 0. 


Vice-Chairman. ..E. H. Krismann, E. I. du Pont de Nemours & Co., Akron, O. 
R. H. Gerke, U. 8. Rubber Co., Wayne, N. J. 


Assistant Secretary L. H. Howtanp, Naugatuck Chemical Division, 
Naugatuck, Conn. 


Treasurer G. E. Popp, Phillips Chemical Company, Akron, O. 


Assistant Treasurer D. F. Beuney, Harwick Standard Chemical Co., 
Akron, O. 


Editor of Rubber Chemistry and Technology Davin Craia, B. F. Goodrich 
Research Center, Brecksville, O. 


Advertising Manager of Rubber Chemistry and Technology ...E. H. KrisMann, 
E. I. du Pont de Nemours & Co., Akron, 0. 


Directors...B. 8. Garvey, Jr. (Past Chairman), 8. C. Nico (Director-at- 
Large), K. R. Garvicx (Akron), T. C. Epwarps (Boston), Pau. 
Sick (Buffalo), Vincent LaBrecque (Chicago), W. C. CarTEeR 
(Connecticut), R. W. Matcotmson (Detroit), Davin SHERMAN 
(Fort Wayne), R. E. Brrrer (Los Angeles), 8S. M. Martrn, Jr. (New 
York), R. J. Reynotps (Northern California), M. A. YouKEr 
(Philadelphia), R. B. Rosrrartte (Rhode Island), F. W. Gace 
(Southern Ohio), A. W. Stoan (Washington, D. C.), N. S. Grace 
(Canada), 


Councillors. ..H. I. Cramer, 1956-1959; R. H. Gerke, 1958-1960. 
(Alternates, C. 8. Yoran, 1958-1960; J. M. Batu, 1956-1959.) 


COMMITTEES 


Advisory Committee on Local Arrangements....C. A. Smita, Chairman (New 
Jersey Zinc Co., Cleveland, Ohio), S. L. Brams (Dayton Chemical 
Products, West Alexandria, Ohio), A. J. Norraam (E. I. du Pont 
Company, Wilmington, Delaware). 


Auditing Committee....R. B. Appuesy, Chairman (E. I. du Pont Company, 
Akron, Ohio), C. W. Curistensen (Monsanto Chemical Company, 
Akron, Ohio), D. L. Stwonp (Godfrey L. Cabot Company, Akron, 
Ohio). 
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Best Papers Committee....W. R. SmiruH, Chairman (Godfrey L. Cabot Co., 
Boston, Mass.), E. B. Newron (B. F. Goodrich Research Center, 
Brecksville, Ohio), E. H. Krismann (E. I. du Pont Company, Akron, 
Ohio). 


Bibliography Committee....J. McGavacx, Chairman (U. 8. Rubber Co., 
Passaic, N. J.), O. E. Becxvoup (U. S. Rubber Research Center, 
Wayne, N. J.), E. M. Bevinacqua (U. 8. Rubber Research Center, 
Wayne, N. J), Vicron Burger (U. S. Rubber Research Center, 
Wayne, N. J.), Lots Brock (General Tire & Rubber Co., Akron, 
Ohio), D. E. Caste (U. 8. Rubber Research Center, Wayne, N. J.), 
Lituran Cook (Rubber Div. Library, University of Akron, Akron, 
Ohio), Dororay Hamien (Rubber Div. Library, Univ. of Akron, 
Akron, Ohio), H. E. Haxo (U. 8. Rubber Research Center, Wayne, 
N. J.), JEANNE Jounson (U. S. Rubber Research Center, Wayne, 
N. J.), R. K. Kunns (U.S. Rubber Research Center, Wayne, N. J.), 
M. E. Lerner (Rubber Age, New York, N. Y.), G. E. Popp, (Phillips 
Chemical Co., Akron, Ohio), G. S. Mitus (U. S. Rubber Research 
Center, Wayne, N. J.). 


By-Laws Revision Committee. ...W. L. Semon, Chairman (B. F. Goodrich Re- 
search Center, Brecksville, Ohio), R. H. Gerke (U. 8S. Rubber 
Company, Wayne, N. J.), G. Aturcer (Firestone Tire & Rubber Co., 
Akron, Ohio), W. Warner (General Tire & Rubber Co., Akron, Ohio). 


Committee on Committees....T. W. Exxin, Chairman (R. T. Vanderbilt Co., 
New York City), A. E. Juve (B. F. Goodrich Research Center, 
Brecksville, Ohio), J. D. D'Iannt (Goodyear Tire & Rubber Co., 


Akron, Ohio), V. J. LaBrecque (Victor Gasket & Mfg. Co., Chicago, 
Ill.), D. C. Mappy (Harwick Standard Chemical Co., Akron, Ohio). 


Editorial Board of Rubber Reviews....N. Bexkepant (National Bureau of 
Standards, Washington, D. C.), G. 8S. Warrsy (University of Akron, 
Akron, Ohio), W. R. Smrrx (Godfrey L. Cabot Co., Cambridge, 
Mass.), 8. D. Gruman (Goodyear Tire & Rubber Co., Akron, Ohio), 
D. Crate (B. F. Goodrich Research Center, Brecksville, Ohio), 
G. E. P. Smrru, Jr. (Firestone Tire & Rubber Co., Akron, Ohio). 


Education Committee....C. V. LunpBerRG, Chairman (Bell Telephone Labora- 
atories, Murray Hill, N. J.), R. G. Seaman (Rubber World, New York 
City), R. D. StrexteR (National Bureau of Stds., Washington, D. C.), 
W. F. Busse (E. I. du Pont Co., Wilmington, Delaware), M. L. 
SrupEBAKER (Phillips Chemical Co., Akron, Ohio). 


Files and Records Committee....J. D. D’Iannt, Chairman (Goodyear Tire & 
Rubber Co., Akron, Ohio), D. Hamiten (University of Akron, Akron, 
Ohio), E. A. W1ztson (B. F. Goodrich Research Center, Brecksville, 
Ohio). 


Finance and Budget Committee... ..L. V. Cooper, Chairman (Firestone Tire & 
Rubber Co., Akron, Ohio), 8. B. Kuyxkenpauu (Firestone Tire & 
Rubber Co., Akron, Ohio), E. H. Krismann (E. I. du Pont de Ne- 
mours & Co., Akron, Ohio), G. E. Popp, Ez-officio (Phillips Chemical 
Co., Akron, Ohio). 
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Future Meetings....A. E. LAuRENCE, Chairman (Phillips Chemical Co., Elm- 
hurst, Ill.), G. N. Vacca (Bell Telephone Laboratories, Murray Hill, 
N. J.), E. B. Busensere (B. F. Goodrich Co., Akron, Ohio). 


Library Operating Committee....Louis Brocx, Chairman (General Tire & 
Rubber Co., Akron, Ohio), Fern Broom (B. F. Goodrich Research 
Center, Brecksville, Ohio), ANNE HILDEBRAND (Firestone Tire & Rub- 
ber Co., Akron, Ohio), Dororpy Hamien (Akron University, Akron, 
Ohio), Litu1an Cook (Rubber Division Library, Akron Univ., Akron, 
Ohio). 


Library Policy Committee. ...Rauea F. Wour, Chairman (Columbia-Southern 
Chemical Co., Barb., Ohio), O. D. Cote (Firestone Tire & Rubber Co., 
Akron, Ohio), N. V. Seecer (Diamond Alkali, Painesville, Ohio), 
Gurpo Strempet (General Tire & Rubber Co., Akron, Ohio), A. M. 
Currrorp (Goodyear Tire & Rubber Co., Akron, Ohio). 


Membership Committee....K. Garvicx, Chairman (Mansfield Tire & Rubber 
Co., Mansfield, Ohio), All the Directors from each Local Rubber 
Group. 


New Publications Committee....N. BEKKEDAHL, Chairman (National Bureau 
of Standards, Wash., D. C.), R. G. Seaman (Rubber World, New York 
City), D. Crate (B. F. Goodrich Research Center, Brecksville, Ohio), 
M. Morton (University of Akron, Akron, Ohio). 


Nomenclature Committee R. G. Seaman, Chairman (Rubber World, New 
York City), I. D. Parrerson (Goodyear Tire & Rubber Co., Akron, 
Ohio), F. W. Gage (Dayton Chemical Products Laboratories, W. 
Alexandria, Ohio), E. E. Gruser (General Tire & Rubber Co., Akron, 
Ohio), Roy M. Vance (Columbian Carbon Co., Brooklyn, N. Y.), 
A. L. Back (West Chester, Pa.). 


Nominating Committee... .J. M. Batu, Chairman (Midwest Rubber Reclaim- 
ing Co., Wilton, Conn.), 8. M. Martin, Jr. (Thiokol Chemical Corp., 
Trenton, N. J.), L. H. Howtanp (Naugatuck Chemical Co., Nauga- 
tuck, Conn.), J. D. D'Iannt (Goodyear & Tire Rubber Co., Akron, 
Ohio), Paut Sick (Hewitt-Robins, Inc., Buffalo, N. Y.). 


Officers Manual. ...A. E. Juve, Chairman (Goodrich Research Center, Brecks- 
ville, Ohio), J. Fretpine (Armstrong Rubber Co., West Haven, 
Conn.). 


Papers Review Committee....R. F. DuNpRooK (Firestone Tire & Rubber Co., 
Akron, Ohio), E. H. Krismann (E. I. du Pont Company, Akron, 
Ohio), B. S. Garvey (Pennsalt Chemical Co., Wayne, Penna.), 
D. Crate (B. F. Goodrich Research Center, Brecksville, Ohio), R. H. 
Gerke (U.S. Rubber Co., Wayne, N. J.). 


..T. W. Exxtin, Chairman (R. T. Vanderbilt Co., New York City), 
W. Srupsiesine (Stowe-Woodward Newton Upper Falls, Mass.), 
B. W. Benver (U.S. Rubber Co., Wayne, N. J.), H. E. Haxo (U.S. 
Rubber Co., Bloomfield, N. J. 
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Program Committee. ...B. 8. Garvey, Jr., Chairman. 8. C. Nicot (Goodyear 
Tire and Rubber Co., Akron, Ohio). C. F. Grass (B. F. Goodrich 
Research Center, Brecksville, Ohio), C. A. Barrie (E. I. du Pont Co., 
Wilmington, Delaware), W. 8. Tutey (U. 8. Rubber Co., Wayne, 
N. J.), A. G. TreapGoitp (United Carbon Co., Charleston, W. Va.). 


FUTURE MEETINGS 


Meeting City Hotel Date 


1958 Spring Cincinnati Netherlands Plaza May 14-16 

1958 Fall Chicago Sherman September 10-12 
1959 Spring Los Angeles Biltmore May 12-15 

1959 Fall Washington* Shoreham November 9-13 
1960 Spring Buffalo Statler May 24-27 

1960 Fall New York Commodore September 13-16 
1961 Spring Louisville Brown May 16-19 

1961 Fall Chicago Sherman September 5-8 
1962 Spring Boston Statler May 15-18 


* An international meeting jointly sponsored by the Division of Rubber Chemistry ACS, Committee 
D-11 of ASTM, and the Ru and Plastics Division of ASME. 


SPONSORED RUBBER GROUPS 


OFFICERS AND MEETING DATES 
1958 


Axron Russer Group 


Chairman: SHetpon Nico (Goodyear Tire & Rubber Co., Akron). Asst. 
to Chairman: K. R. Garvicx (Mansfield Tire & Rubber Co., Mansfield). 
Secretary: Mitton Leonarp (Columbian Carbon Co., Akron). Treasurer: 
Gerorce Popp (Phillips Chemical Co., Akron). Terms end June 30, 1958. 
Meetings in 1958: January 24, April 11, June 20, October 24. 


Boston Group 


Chairman: Roger L. (B. F. Goodrich Chemical Co., Boston). 
Vice-Chairman: Witu1am H. Kine (Acushnet Process Co.). Secretary-Treas- 
urer: JAMES J. BREEN (Barrett & Breen Co.). Permanent Historian: Harry 
A. AtwaTEeR (Malrex Chemical Company). Ezecutive Committee: Antuur I. 
Ross, Tuomas C. Epwarps, George E. Hersert, Joun M. Hussey, CHARLES 
S. Frary. Meetings in 1958: March 21, June 20, October 17, December 12. 


BurraLo Group 


Chairman: Joun Hetwic (Dunlop Tire & Rubber Co., Buffalo). Vice- 
Chairman: Ricuarp Herpiein (Hewitt-Robins, Inc., Buffalo). Secretary- 
Treasurer: LARRY Haupin (Dunlop Tire & Rubber Co., Buffalo). Asst. Sec’y- 
Treasurer: Epwarp Haas (Dunlop Tire & Rubber Co., Buffalo). Ex-Officio 
Chairman: CHARLES MISERENTINO. Directors: Jack Wi1uson (Dow Corning), 
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Jack Hauer (Linde Air), Eugene Martin (Dunlop Tire & Rubber Co.), 
Ep Sverprup (U.S. Rubber Reclaiming), Ropert Donner (National Aniline), 
Rosert Pryor (Hewitt-Robins, Inc.). Meeting dates in 1958: May 9— 
International Rubber Group Meeting, General Brock Hotel, Niagara Falls, 
Canada. June 10, October 14, December 2. 


Cuicaco RuspBer Group 


President: V. Lasrecque (Victor Mfg. & Gasket Co., Chicago). Vice- 
President: M. J. O’Connor (O’Connor & Co., Inc., Chicago). Secretary: J. 
Groot (Dryden Rubber Div., Sheller Mfg., Chicago). Treasurer: S. F. Cooate 
(Tumpeer Chemical Co., Chicago). ‘Term ends July, 1958. Directors: James 
B. Moorsg, J. B. Porter, H. D. SHerier, E. F. Waener, R. R. Kann, R. A. 
Kurtz, Raven SHeiz, J. F. Swarr. Legal Counsel & Executive Secretary: 
E. H. Leany, Room 1411, 111 W. Washington Street, Chicago. Meetings in 
1958: January 31, March 14, April 25, July 25, October 3, November 14, 
December 19. 


Tue Connecticut RusBBER GRouUP 


Chairman: R. T. ZimMERMAN (R. T. Vanderbilt Co., Inc., East Norwalk, 
Connecticut). Vice-Chairman: W. H. Coucn (Whitney Blake Co., Hamden, 
Conn.). Secretary: V. P. Cuapwicx (Armstrong Rubber Co., West Haven, 
Conn.). Treasurer: J. W. Perkins (Armstrong Rubber Co., West Haven, 
Conn.). Terms to end December 31, 1958. Directors: One-Year term ending 
December 31, 1958: H. Gorpon (Ideal Rubber Co., Brooklyn, New York), 
G. R. Spracue (B. F. Goodrich Sponge Products, Shelton, Conn.), D. F. 
CumminGs (General Electric Co., Bridgeport, Conn.). Two-Year terms ending 
December 31, 1958: R. W. Warp (E. I. du Pont de Nemours & Co., Boston, 
Mass.), F. W. Burcer (Phillips Chemical Co., Providence, R. I.). Director 
to National Division—W. C. Carter (Pequanoc Rubber Co., Butler, New 
Jersey). Meetings in 1958: February 21, May 23, September 6, November 14. 


Derroir Ruspsper Group 


Chairman: E. J. Kvet, Jr. (Detroit Arsenal, Detroit). Vice-Chairman: 
W. F. Miutier (Yale Rubber & Mfg. Co., Sandusky, Michigan). Secretary: 
W. D Witson (R Vanderbilt Co., Detroit). Treasurer: W. A. Wiarp 
(Dow Corning, Midland). Directors: J. F. Stirr, J. M. Cuarx, Jack MASDEN, 
A. F. Toompson, Frank G. Fatvey, R. W. Matcoimson, C. H. R. 
Hurzinea, E. P. Francis, P. V. J. J. Fuemine, R. C. 
8. M. Stpwe tt, R. H. Snyper, R. C. Waters, E. W. Trxurrson, T. W. 
RAN. Councilors: H. F. Jacoper, H. W. Hoeravr, J.T. Meetings 
in 1958: February 7, April 18, June 27, October 3, December 5. 


Fort WayNE RuspBer Group 


Chairman: E. Ketsuermer (U.S. Rubber Co., Ft. Wayne, Ind.). 
Vice-Chairman: Pattie Maaner, Jr. (General Tire & Rubber Co., Wabash, 
Ind.). Secretary-Treasurer: Watton D. Wiuson (R. T. Vanderbilt Co., 5272 
Doherty Dr., Orchard Lake, Michigan). Directors: M. J. O’Connor, NorMAN 
Kuemp, E. H. H. Guassrorp, J. Lawiess, R. HARTMAN, 
8. Cuoare, E. Bosworts. Meetings in 1958: February 13, April 10, June 6 
(outing), September 25, December 4. 
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Los ANGELES RuBBER GROUP 


Chairman; ALBERT H. Frepertco (C. P. Hall Co. of Calif.). Assoc. Chair- 
man: CHARLES H. Kuxun (Master Processing Corp., Lynwood). Vice-Chair- 
man: B. R. Snyper (R. T. Vanderbilt Co., Los Angeles). Secretary: L. W. 
CuAFFEE (Ohio Rubber Co., Long Beach, Calif.). Asst. Secretary: EpmuNpD 
J. Lyncu (H. M. Royal, Inc. Downey, Calif.). Treasurer: W. M. ANDERSON 
(Gross Mfg. Co., Monrovia, Calif.). Asst. Treasurer: R. O. Wuirn (Caram 
Mfg. Co., Monrovia, Calif.). Directors: Roy N. Puevan (Atlas Sponge Rubber 
Co., Monrovia), Witu1aAM J. Haney (Kirkhill Rubber Co., Brea), CHartes M. 
CuurcHILI (Naugatuck Chemical, East Los Angeles), Howarp R. FisHer 
(W. J. Voit Rubber Co., Los Angeles), Joun L. Ryan, (Shell Chemical Corp, 
Torrance), Cart E. Huxiey (Enjay Co., Los Angeles), Wautrer E. 
(Thiokol Chemical Corp.). Meetings in 1958: February 4, March 4, April 1, 
May 5, October 7, November 4. 


New York Ruspser Group 


Chairman: C. V. Lunppere (Bell Telephone Laboratories, Murray Hill, 
N.J.). Vice-Chairman: R. B. Carroun (R. E. Carroll, Inc., Trenton, N. J.). 
Secretary-Treasurer: M. E. Lerner (Rubber Age, New York). Terms end 
December 31, 1958. Meetings in 1958: March 28, June 5, August 5, October 
17, December 12. 


NORTHERN CALIFORNIA RUBBER GROUP 


President: Deis (Merck & Co., Inc. South San Francisco). 
Vice-President: Drace ‘Kur’ Kutrnewsky (Burke Rubber Co., San Jose). 
Treasurer: D. A. “Detu’’ Driespouen (Plastic & Rubber Products Co., 
Oakland). Secretary: C. P. “Pern”? Encetsman (E. 8. Browning Co., San 
Francisco). Directors: “Corky” CorkapEL, Keira Larar, Roy 
Woopiinc. Meetings in 1958: February 13, March 13, April 10, September 
11, October 9, November 13. 


PHILADELPHIA RUBBER GROUP 


Chairman: R. A. Garrett (Armstrong Cork Research Center, Lancaster, 
Pa.). Vice-Chairman: R. 8. Grarr (E. I. du Pont de Nemours & Co., Wil- 
mington). Secretary-Treasur: H. C. Remsberg (Carlisle Tire & Rubber, 
Carlisle, Pa.). Executive Committee: T. E. Farretit, R. N. HenpRIKsSEN, 
James Jones, George N. McNamara, J. R. Miuus, H. M. MERRILL 
Smirx. National Dir.: Dr. M. A. Youxer (E. I. du Pont de Nemours & Co., 
Wilmington). Meetings in 1958: April 25, August 22, 1958, October 24, 
November 14, 1958 and January 23, 1959. 


Ruope Istanp Group 


Chairman: W. K. Priesrity (Kaiser Aluminum & Chemical Co., Bristol, 
R.1.). Vice-Chairman: H. W. Day (E. I. du Pont de Nemours & Co., Boston). 
Secretary-Treasurer: Harry L. Eserr (Firestone, Fall River, Mass.). His- 
toian: R. G. BotKMaN (U.8. Rubber Co., Providence). Executive Committee: 
W. J. Buecnarczyk, E. 8. Unuie, R. B. Rosrrarmur, J. M. Viraue, C. A. 
Damicong, G. E. Enser. Meetings in 1958: April 10, June 5, November 6. 
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SouTHERN On10 RusBER GROUP 


Chairman: Eart R. BartHoLtomew (Wright-Patterson A. F. Base, Ohio). 
Chairman Elect: Russe.u J. Hoskin (Inland Mfg. Division, G. M. C., Dayton). 
Secretary: Raymon Wetts (Precision Rubber Products Corp., Dayton). 
Treasurer: Dayte R. BucwaNnan (Inland Mfg. Division, G. M. C., Dayton). 
Directors: Three-Year Term: Frank E. Bett, Jr., L. NoLtan, REUBEN 
Two-Year Term: James L. Firzceratp, Freperick W. Gaae, 
Maurice LowMan. Meetings in 1958: October 9 and December 13. Outing 
in Dayton, June 7. 


SouTHERN RusBER GrRovuP 


Chairman: THomas R. Brown (The B. F. Goodrich Co., Tuscaloosa). 
Vice-Chairman: WarREN 8. Haut (Phillips Chemical Co., Memphis 17, Tenn.). 
Treasurer: Monroe Mirsky (Guiberson Corporation, Dallas). Secretary: 
Roger B. Prav (The C. P. Hall Co., Memphis). Directors: One-Year Term: 
Joun R. Gattoway, Ropert W. Rice, M. Two-Year Term: 
Rosert D. Baker, ALBERT Korer. Meetings in 1958: February 21, June 13, 
October 17 and (January 30, 1959). 


WASHINGTON RuBBER GROUP 


President: Dovatas K. Bonn (U. 8. Rubber Co., Washington, D. C.). 
Vice-President: Ropert D. (National Bureau of Standards, Wash- 
ington, D. C.). Secretary: Anraur W. SLoAN (812 N. Fairfax Street, Alex- 
andria, Va.). Treasurer: George W. FLANAGAN (B. F. Goodrich Chemical 
Co., Washington, D. C.). Term ends June 30, 1958. Meetings in 1958: 
January 15, February 15, April 16, May 21. 


GORDON RESEARCH CONFERENCES 


The Gordon Research Conferences for 1958 will be held from 9 June to 29 
August at Colby Junior College, New London, New Hampshire ; New Hampton 
School, New Hampton, New Hampshire and Kimball Union Academy, Meriden, 
New Hampshire. 

The Conferences were established to stimulate research in “xiversities, re- 
search foundations and industrial laboratories. This purpose is achieved by 
an informal type of meeting consisting of scheduled lectures and free discussion 
groups. Sufficient time is available to stimulate informal discussions among 
the members of a Conference. Meetings are held in the morning and in the 
evening, Monday throvgh Friday, with the exception of Friday evening. The 
afternoons are available for participation in discussion groups as the individual 
desires. This type of meeting is a valuable means of disseminating information 
and ideas which otherwise would not be realized through the normal channels 
of publication and scientific meetings. In addition, scientists in related fields 
become acquainted and valuable associations are formed which resu!t in colla- 
boration and cooperative effort between different laboratories. 

It is hoped that each Conference will extend the frontiers of science by 
fostering a free and informal exchange of ideas between persons actively inter- 
ested in the subjects under discussion. The purpose of the program is not to 
review the known fields of chemistry but primarily to bring experts up to date 
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as to the latest developments, analyze the significance of these developments, 
and to provoke suggestions as to underlying theories and profitable methods 
of approach for making new progress. In order to protect individual rights 
and to promote discussion, it is an established rule of each Conference that all 
information presented is not to be used without specific authorization of the 
individual making the contribution, whether in formal presentation or in dis- 
cussion. No publications are prepared as emanating from the Conferences. 

Individuals interested in attending a Conference are requested to send their 
applications to the Director. Each applicant must state the institution or 
company with which he is connected and the type of work in which he is most 
interested. Attendance at each Conference is limited to 100. 

The complete program of the Conferences was published in ‘‘Science’’ for 
February 28th. 

Requests for attendance at the Conferences, or for any additional informa- 
tion, should be addressed to W. George Parks, Director, Department of 
Chemistry, University of Rhode Island, Kingston, Rhode Island. From June 
9 to August 29, 1958 mail should be addressed to Colby Junior College, New 
London, New P.umpshire. 


PROGRAM FOR ELASTOMERS SECTION 
Colby Junior College, New London, New Hampshire 


4 Aug. W. Postelnek, “Status of the High Temperature Polymer Program” ; 
W. F. Watson, ‘Mechanico-Chemical Reactions of Polymers”; G. 8. Trick, 
“Effects of Microstructure on Crystallization Rates of Elastomers.” 

5 Aug. M. Berger, “Kinematics of a Rolling Tire and its Application to Tire 
Performance”; D. C. Edwards and E. B. Storey, ‘The Union of Butyl 
Rubber with Carbon Black’’; A. M. Gessler, ‘Attrition of Carbon Black: 
Effect on the Carbon Black and on its Reinforcing Properties in Rubber.” 

6 Aug. G.N. Welding, Subject to be Announced; R. L. Zapp, ‘‘“New Vulcani- 
zation Studies with Butyl Rubber’; David Craig, D. E. Diller, R. B. 
Fowler, F. A. Regenass, E. H. .towe, W. L. Semon, J. J. Shipman and H. 

Tucker, ‘‘Perdeuterio SN Rubber.” 

7 Aug. Maurice Morton and Alan Rembaum, “Some Aspects of Homogeneous 
Anionic Polymerization’’; Paul Fugassi, ‘‘The Sorption of Benzene by 
Natural and Synthetic Polymeric Hydrocarbons’; Melvin Mooney, ‘The 
Rheology of Visco-Elastic Materials.” 

8 Aug. Henno Keskkula, J. A. Schmidt and J. G. Cobler, ‘Methods of 
Studying Rubber-Polystyrene Compositions.” 


Epwin B. Newron, Chairman 
G. CarPENTER, Vice Chairman 


NEW BOOKS AND OTHER PUBLICATIONS 


Exsonite: Irs Narurs, Properties, AND Compounpine. By J. R. Scott. 
Maclaren and Sons, Ltd., 131 Great Suffolk Street, London, 8.E. 1, England. 
Hard cover, 6 X 9 inches, 293 pages. Price $8.00.—This is the first compre- 
hensive book on the science of ebonite. The experimental work on which it is 
based was carried out under a scheme of Joint Ebonite Research, initiated in 
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1931, the cooperating organizations being the Research Association of British 
Rubber Manufacturers, the British Electrical and Allied Industries Research 
Association and the Ceylon Rubber Research Scheme. 

A survey of the literature was first prepared and this showed a conspicuous 
lack of extensive systematic studies relating composition with properties. The 
plan of the Joint Ebenite Research was therefore to study systematically the 
dependence of the properties of ebonite on its composition, vulcanization, etc. 
The results of the investigation were first issued in the form of confidential 
reports to members of the cooperating societies and have subsequently mostly 
been published in scientific periodicals in a series of nearly 60 papers. The 
object of the present book is to bring together the main facts from these numer- 
ous papers and, where necessary, to discuss the results in the light of present 
knowledge. 

The first nine chapters, occupying approximately half the book, are con- 
cerned with the nature of ebonite, the effect of rubber-sulfur ratio on properties, 
use of purified natural rubbers and gutta-percha, surface deterioration in light, 
resistance to swelling by liquids, and the various aspects of the vucanization 
process, namely, heat evolution during cure, time and temperature of cure, and 
method of curing. Five of the remaining chapters relate to the compounding 
of ebonite with accelerators and activators, mineral fillers including silica, 
ebonite dust, softeners and reclaimed rubber. There follows a chapter on 
synthetic rubber ebonites and a concluding chapter giving recommendations 
on compounding and curing. Test methods are described in an appendix and 
there is a bibliography and a subject index. 

At the end of most chapters, concise conclusions are appended on the results 
of the work described in more detail in the chapter. This is a useful feature 
particularly for the busy reader wishing to acquire a rapid grasp of the essentials. 

The object of the final chapter—recommendations on compounding and 
curing—is to bring together the many conclusions and recommendations given 
in earlier chapters on the best compounding and curing procedures for improving 
particular properties. The properties considered are as follows: quick curing 
(without excessive overheating), avoi@auce oi defor.nation in open-steam cures, 
resistance to deformation at high temperatures, mechanical strength, low di- 
electric loss, resistance to lic¢ (surface deterioration), anu resistance to water 
and organic liquids. Tne extension of this chapter to include examples of 
mixes for particular ebonite products would have been helpful to manufacturers, 
particularly those with little or no experience of ebonite production. [Re- 
viewed in Rubber Journal and International Plastics. ] 


Zinc OxipE RepiscovereD. Prepared by Harvey E. Brown. Published 
by New Jersey Zine Company, 160 Front Street, New York 38, New York. 
Hard cover, 8} X 11} inches, 100 pages. Price $3.00.—This attractive book 
is perhaps the most comprehensive presentation of sinc oxide ever made, and 
those desiring over-all information on the subject in a semi-technical manner 
will find much value in it. A survey of the material is made by dividing the 
book into three sections: Established Properties of Zinc Oxide, Frontier Prop- 
erties of Zinc Oxide, and Illustrative Applications. 

In the first section thermal properties are among the subjects discussed, 
and several pages are devoted to the effects of zine oxide in rubber in this 
respect. Some of the other topics are components and constitution, history of 
manufacture, and crystal structure. 
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Th the part on fronticr properties, devoted to those whose potential is of 
yreat current ‘oterest, the following properties, among many others, are ana- 
lyzed in detail: semiconductor, solid-state reaction, ferrite, catalytic and 
chemical. ‘his section, which comprises the major portion of the book, is of 
value for its specifier information and suggestions for present and future uses. 

In the section on applications, rubber is among those discussed with special 
2ttention given to passenger car tires, wire and cable insulation, rubber rolls 
for calen’ rs, and silicone rubber. The extensive appendix is unusually useful 
«8 it breaks down the list of references by subject : components and constitution, 
history, thermal properties, chemical properties, and others. [Reviewed in 
Rubier Age (N.Y.).] 


Research Memoranda from the Research Association of British Rubber 
Manufacturers: R. 397 EXAMINATION OF VARIOUS WHITINGS, LIMESTONES, AND 
PreciPiraTeD CALCIUM CARBONATES AS RUBBER FiLuEeRs. By R. C. Moakes, 
J.R. Pyne, and D.C. Soul. May 1954, 14 pages. R.399 MackinrosH TRIALS 
WITH PROOFINGS CONTAINING TRACES OF. MANGANESE. May 1955, 3 pages. 
R.406 CoMAPRISON OF WHITINGS AND PRECIPITATED CALCIUM CARBONATES AS 
Fitters For Natrurat Rupper. By J. R. Pyne. March 1957, 11 pages.— 
During the past few years the Research Association of British Rubber Manu- 
facturers, in collaboration with the Research Council of the British Whiting 
Federation, has made an extensive study of whiting and other forms of calcium 
carbonate as fillers for natural rubber compounds, the results being recorded 
in two Research Memoranda, R.397 and R.406. The aim was to give guidance 
in selecting the type and grade of material (in particular, of natural whiting) 
best suited to the ruober manufacturer’s needs, information which is of obvious 
value to both producer and user of this widely used class of filler. 

The conclusions from this work are firstly that the behavior of calcium car- 
bonate fillers in rubber depends largely on their fineness, most conveniently 
measured by specific surface; the finest (precipitated) materials have the 
greatest reinforcing power judged by the tensile and tear strengths and abrasion 
resistance of the rubber, although on the other hand they are more difficult to 
mix and give rubbers with lower resilience. The finer materials are generally 
more expensive to produce, and the relationships now established between 
particle size and rubber properties will help in choosing the appropriate balance 
between cost and performance. Surface treatment with fatty acids makes the 
very fine precipitated materials easier to mix and increases their reinforcing 
power, but has little effect on the behavior of coarser materials (with a smaller 
specific surface) such as ground natural] whiting or limestone. The source of 
the chalk used in making whiting, ¢.e., whether from the North or South of 
England deposits, and the method of grinding (wet or dry) do not appear to 
influence the behavior of the resulting whiting as a filler. The traces of man- 
ganese normally present in natural whiting show no evidence of impairing the 
aging properties of the rubber, a result in accord with the tests organized by 
the RABRM on the proofing of mackintosh fabrics with rubber compounds 
containing high and low manganese whitings, the results of which are described 
in Research Memorandum R.399. RABRM/4060. 

A few copies of these three memoranda may be purchased for $.70 each 
from The Secretary, Research Association of British Rubber Manufacturers, 
Shawbury, Shrewsbury, Shropshire, England. One copy of each is on file in 
the Rubber Division Library at the University of Akron, Akron, Ohio. 
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CHEMISTRY OF NATURAL AND SyntHETIC RuspBers. By Harry L. Fisher. 
Reinhold Publishing Corporation, 430 Park Avenue, New York 22, New York. 
Hard cover, 6 X 9 inches, 214 pages. Price $6.50.—The extent of the purely 
technical portion of the book is suggested by the following chapter headings: 
Vulcanization, Acceleration, Antioxidation and Antiozonation, Natural Rubber, 
Latex, Properties of Natural and Synthetic Rubbers, Synthetic Rubbers, Hard 
Rubber, Bonding Rubber to Metal, Reclaimed Rubber, and Chemical Deriva- 
tives. This is for the most part a book of facts with little sophisticated theory. 
Some recent work on the mechanism of sulfur vulcanization is described, how- 
ever, and from this it is concluded that sulfur does not add chemically to a 
double bond, but is chiefly in the thio-ether linkage and on the alpha-methylene 
carbon. Vulcanization without elemental sulfur is discussed, and the mecha- 
nism of the various reactions, as far as they are known, is given. 

A possible free radical mechanism is suggested as an explanation for the 
attack of rubber by oxygen. Antioxidants are represented as functioning as 
chain-terminating agents. Several types of antioxidants and antiozonants, 
such as N,N’-dialkyl-1,4-phenylene diamines, are listed. Synthetic rubbers, 
including the new “synthetic natural’? rubbers (Ameripol SN and Cora! 
Rubber), are discussed in regard to their synthesis, structure, properties, and 
raw material requirements. An unusual polymer described here is AXF syn- 
thetic rubber, a reaction product of benzene and ethylene dichloride. The 
book concludes with a chapter on the chemical derivatives of natural and syn- 
thetic rubbers. Important reactions discussed are cyclization of rubber, hydro- 
genation, and chlorination. 

This book is particularly recommended to the beginning rubber technologist 
or rubber chemist. It should also prove particularly useful to those persons 
connected with the rubber industry who are not chemists, but who must, in 
the course of their work, deal with chemists and chemical engineers. [Re- 
viewed in Rubber World. | 


Ruspsper Trape Direcrory oF Great Brirarn: 1957-58. Published by 
Maclaren and Sons, Ltd., 131 Great Suffolk Street, London, S.E. 1, England. 
(Also available from Rubber Age, Book Department, 101 West 31st Street, New 
York 1, New York.) Hard cover, 6 X 9} inches, 749 pages. Price $12.50.— 
This is the third edition of the Directory and has been completely revised and 
brought up-to-date. Following the pattern established in the earlier two edi- 
tions, the Directory provides ready reference to rubber manufacturers and 
their products; suppliers of chemicals and compounding ingredients; suppliers 
of fabrics and textiles; suppliers of natural, synthetic scrap and reclaimed rub- 
ber, and a wealth of other information having to do with trade and research 
organizations, brand names, rubber technology courses, and a “‘who’s who”’ of 
the industry. The table of contents and the subject index appear in English, 
French, German and Spanish, thus facilitating the Directory’s use for Conti- 
nental readers. A handsome publication, this directory provides much useful 
information on the rubber industry in Great Britain. [Reviewed in Rubber 
Age (N.Y.).] 
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ISO RECOMMENDATIONS 


RusseR CHeMIstTRY AND TECHNOLOGY has been asked to publish some of 
the recommendations of the International Organization for Standardization 
(ISO). The American Standards Association, the U. S. Member, has given 
permission to publish R 33 through R 37 and R 48 as follows: 


ISO Recommendation R 33 March 1957 


DU PONT CONSTANT LOAD METHOD OF MEASURING 
ABRASION RESISTANCE OF VULCANIZED NATURAL 
AND SYNTHETIC RUBBERS 


FOREWORD 


The world-wide use of the du Pont constant load method of measuring 
abrasion resistance and the absence of a recognized method whose results cor- 
relate with wear in service justify the standardization of those features of the 
du Pont method on which agreement has been reached in the last three years. 

Some improved methods, now used experimentally, may be internationally 
agreed upon in a few years’ time. Meanwhile, there is much to be gained by 
standardizing the du Pont method as far as possible. Close relation between 
the test results and service performance is not, however, necessarily implied. 

An alternative method of test, using very similar apparatus and procedure, 
but imposing constant torque on the sample-holder instead of constant load, 
will be considered for recommendation when further experimental evidence has 
been received. 

STANDARD COMPARISON RUBBERS 


According to the type of rubber to be tested, one of the following two stand- 
ard rubber compounds is selected for comparison: either the high quality tire 
tread type or the footwear sole and heel type. 

A high standard of mixing technique should be employed in the preparation 
of these compounds, to ensure proper dispersion of the ingredients. 

The compounds are: 


“A”’ tire tread type standard compound 


Natural rubber first-grade smoked sheet 
Zinc oxide 

Stearic acid : 

EPC black 

Benzothiazoly] disulfide 

Sulfur 

Pheny]-2-naphthylamine 


Vulcanization: 40 minutes at 144° C 
“B” footwear sole and heel type standard compound 


Natural rubber first-grade smoked sheet 
Zinc oxide 

Stearic acid 

Di-(2-ethyl hexyl)phthalate 

EPC black 

Whiting 

Mercaptobenzothiazole 

Sulfur 

Pheny]-2-naphthylamine 


Vulcanization: 40 minutes at 153° C 
xiv 
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TESTPIECE 


Two testpieces are tested at the same time and compared with two test- 
pieces of the appropriate standard rubber. The pieces should be either 2 em 
+ 0.05 cm or 0.8 inch + 0.02 inch square and approximately either 1 em or 
0.4 inch thick, with suitable lugs for fixing in the sample-holder. 

If desired, a small sample 2 cm X 2 cm X 0.5 cm or 0.8 inch X 0.8 inch X 
0.02 inch may be prepared from a finished product or cut out with dies from 
molded sheet and attached by cold vulcanizing solution to the base portion 
of a worn down used testpiece, for test purposes. 


APPARATUS 


A disk which carries an abrasive surface is mounted on a shaft and rotated 
at a uniform speed within the range from 34 rpm to 40 rpm. The provision 
of a revolution counter is desirable. 

The testpieces from the same compound are mounted, with their 2 em or 
0.8 inch square faces on the abrasive, on a bar, diametrically disposed across 
the disk so that the center of each sample is either 6.25 cm or 2.5 inches from 
the center of rotation. 

The samples are held in contact with the abrasive by a force of either 3.62 
kg or 8 lb weight by any suitable means free from friction and able to follow 
axial movement of the sample-holder as wear takes place. (If the abrasive 
disk is horizontal, dead weight can be used; if the abrasive disk is vertical, a 
wire led through a central hole in the shaft with a weight of either 3.62 kg or 
8 lb attached at the rear can be used, as in the current design of the du Pont 
machine.) 

A lever arm attached to the sample-holder is provided with means (weights 
and/or a spring balance) to restrain rotation and enable measurement of fric- 
tional torque to be made, if desired. 

The abrasive is in the form of an annular disk of either 16.5 em or 6.5 inches 
outside diameter with a central hole of either 7 cm or 2.75 inches in diameter 
for fixing the disk to the rotating member. 

Silicon carbide abrasive grains mounted on stiff paper (see appendix) have 
been found to be suitable and the paper backing should have the following char- 
acteristics : 


(a) The weight or paper substance should be at least 224 g/sq m with a 
tolerance of + 5 per cent; 

(b) The paper and the glue used to bond the abrasive grains should be 
waterproof so that a minimum of softening occurs under moist condi- 
tions’. 


Papers sheuld be capable of at least 6 hours useful life and should generally be 
discarded when the rate of weight loss from the standard compound has fallen 
by about 10 per cent, but not more, of the rate of loss at the first measuring 
after the running-in period (20-30 minutes—see Procedure). The rate of loss 
of cutting power is dependent on the compound being tested, high-grade carbon 
black compound causing much less loss of cut than lower-grade compounds 
containing whiting or hard mineral fillers. 


Me is not recommended that the test should be performed in a relative humidity greater than 90 per 
cent. 
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The abrasive surface is continuously cleaned by means of air jets, directed 
on the working surface at two positions between the samples. The air supply 
is at a pressure of not less than either 1.75 kg/sq em or 25 lb/sq in and free 
from oil or water. On each side there is a set of jets radially disposed and con- 
sisting of three 1 mm or 0.04 inch holes, 6 mm or 0.25 inch apart, arranged to 
leave a space of about 6 mm or 0.25 inch between the jets and the surface of 
the abrasive. (The addition of stiff bristle brushes, set at an angle to the track, 
is advantageous in some circumstances, but their use is optional.) 


PROCEDURE 


Preparation and conditiong of testpieces follows the general procedure 
adopted for all physical tests, as regards interval between vulcanization and 
testing, and conditions of storage. 

Mounting of the testpieces in the holder is carried out without undue dis- 
tortion of the abraded surface, but with no possibility of movement of the test- 
piece on the bar or the sample-holder. 

A running-in period to give even seating of the samples on the abrasive 
should be made without weighing, and in the case of a new abrasive disk, it is 
preferable to use the first 20 minutes for running-in samples, before weighed 
tests begin. Change of cutting power appears to be less rapid after this initial 
period. 

Samples replaced for successive runs should be arranged to rub in the same 
direction on the abrasive. 

Systematic reversal of order in a set of tests to overcome bias due to gradual 
change of abrasive cutting power or random distribution of test runs of pairs of 
testpieces should be employed. 

The duration of any one test is recorded in terms of revolutions of the 
abrasive rather than time. 


It should be arranged that the duration of test is adjusted so that a roughly 
equal amount of rubber is abraded from each of the test rubbers and the 
standard. This is desirable, as there is some evidence for a systematic 
effect on the weight loss of the amount of sample projecting from the clamp 
bar. 


A useful discarding point for the samples is when approximately 0.3 cm or 
0.125 inch has been abraded away, that is, about half the projecting height 
above the clamp. 


The volume losses are derived from the weight losses by dividing the latter by 
the density of the particular sample, determined by the usual weight in air and 
water method, either before commencing abrasion tests or on the remaining 
rubber after completing the tests. 

The repetition of density determinations on duplicate samples from one 
batch may be dispensed with but is a useful check on uniformity and possible 
errors Cue to accidental confusion of a series of samples of similar appearance. 


TEMPERATURE OF TEST 


The test is carried out at a standard laboratory temperature. 
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EXPRESSION OF RESULTS 


Results are expressed as a figure of merit or abrasion resistance index of 
which higher values denote better performance, derived as follows: 


Abrasion resistance index = 5 xX 100 
where S = volume loss, in milliliters per 1000 revolutions of the abrasive, from 
the appropriate standard compound (which should be stated as either standard 
“‘A"’ or standard “B"’), and T = volume loss, in milliliters per 1000 revolutions 
of the abrasive, from the testpieces of the sample rubber. 
The values of S and 7’, as well as the type of abrasive used and the tempera- 
ture of test, should be stated. 


APPENDIX 
NOTE ON ABRASIVE PAPERS FOR THE DU PONT TEST 


This note has been added to serve as a guide in the choice of a suitable abra- 
sive paper, in view of the difficulty of defining the paper in internationally ac- 
ceptable terms. 


1. The silicon carbide grain size is known commercially as 180, in the widely 
used system for specifying abrasive grains. The system is empirical, and no 
correlation exists between these numbers and the nominal apertures of the 
sieves expressed in microns. 

2. We understand that many factors are involved in the control of manu- 
facture of a satisfactory abrasive paper, which are difficult to define. These 
include the shape of the particles, their orientation on the paper, the density 
of deposition and the degree to which they are embedded in the glue or resin 
support. 

It is necessary to refer at present to a commercial specification of a paper 
which has been found satisfactory : 


Wetordry Tri-M-ite 180 E 


from the Minnesota Mining and Manufacturing Company. 

3. It has been found that there are variations between batches of paper of 
the same nominal characteristics, which are undesirable in a standardized test. 
To overcome this, the manufacturers have offered to make a large uniform 
batch with the desired characteristics and hold this at the disposal of labora- 
tories wishing to undertake the ISO test. 

The behavior of subsequent supplies should be compared with that of the 
first supply. 

Arrangements have been made for the supply of this material from the 
United Kingdom branch of Minnesota Mining and Manufacturing Company, 
Arden Road, Adderley Park, Birmingham 8. The paper should be referred 
to as Special ISO Batch, when ordering. 

If a member country wishes to manufacture it locally, samples of the stand- 
ard series of paper can be sent and may be reproduced at will by local labora- 
tories. 

By agreement between the parties, any other abrasive paper manufactured 
in any country may be used, provided its properties are sufficiently near to 
those of the Special ISO Batch for the test forming the basis of this Recom- 
mendation. 
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ISO Recommendation R 34 March 1957 


DETERMINATION OF TEAR STRENGTH OF VULCANIZED 
NATURAL AND SYNTHETIC RUBBERS 
(CRESCENT TESTPIECE) 


SUMMARY 
The test vonsists in inserting a slit of accurate depth in a special testpiece 
and measuring the force required to tear across the width of the unnicked 


portion. 
TESTPIECE 


The testpiece conforms to the shape of the die shown in Figure 1. The 
dimensions of the die are as given in Table I. The testpiece is cut from a sheet 


A 
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by punching with the die using a single blow of a mallet or (preferably) a single 
stroke of a press; the rubber may be wetted with water or a soap solution and 
should be supported on a sheet of slightly yielding material (e.g., leather, rub- 
ber belting or cardboard) on a flat, rigid surface. 


DIMENSIONS OF TESTPIECE 


The tear strength is particularly susceptible to grain effects in vulcanized 
rubber. Normally, all testpieces are prepared with the grain at right angles 
to their length, but in cases where grain effects are significant and are to be 
evaluated, two sets of testpieces are cut from the sheet, at right angles, and 
parallel to the grain. 
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Dimension Millimeters Inches Dimension Millimeters Inches 
} A 110 4.3 G 43.2 1.7 
. B 25 1 H 29 1.14 
4 C 45 1.80 J 12.5 0.5 
D 9 0.375 K 8.5 0.34 : 
; E 16 0.625 L 10.2 0.4 
F 9 0.375 M 7.5 0.3 
N 68 2.7 


The thickness of the testpiece should not fall outside the limits of either 
1.8 mm to 2.8 mm or 0.07 inch to 0.11 inch and should be measured by means 
of a micrometer gage having a pressure foot approximately 6 mm or 0.25 inch 
in diameter which exerts a pressure of either 200 g/sq cm or 3 lb/sq in on the 
rubber. At least three gage readings are taken in the region of test. If an 
odd number of readings is taken, the value to be used is the middle value. If 
an even number of readings is taken, the value to be used is the average of the 
middle two readings. No reading should deviate by more than 2 per cent from 
the value to be used. 

Tests intended to be comparable are made on testpieces not varying in 
thickness by more than + 7.5 per cent from the mean. In addition, the width 
of the testpiece below the nick is measured because it is necessary to correct 
the final result for both the width and thickness of the testpiece'. 

A single nick or slit of depth of either 0.50 mm + 0.08 mm or 0.020 inch 
+ 0.003 inch is cut with extreme care and accuracy across the center of the 
concave inner edge of the testpiece. 


APPARATUS 


The essentials of the method for introducing the nick are as follows: 

The testpiece is clamped firmly in a vertical plane, especially in the region 
where the nick is introduced. The cutting is done by means of a razor blade 
clamped in a vertical plane at right angles to the testpiece. Either the razor 
blade-holder is fitted with guides to ensure an exact horizontal motion over the 
testpiece and is supported in a manner which permits no lateral motion of the 
razor blade, or the blade is supported in a stationary holder, and the clamped 
testpiece mounted on guide rails which ensure an exact horizontal motion with- 
out any lateral movement. In both cases, the guides are such as to ensure 
accurate centering of the nick. The cutter is fitted with a micrometer gage 
for controlling the depth of the nick and is calibrated for each blade. The 
height of the blade-holder and/or the clamped testpiece is adjusted for each 
blade by cutting one or two preliminary nicks, and measuring these by means 
of a microscope. The blade may be wetted with water or a soap solution dur- 
ing the nicking, and any testpieces having a depth of nick outside the limits of 
either 0.42 mm to 0.58 mm or 0.017 inch to 0.023 inch are discarded. A suitable 
apparatus for nicking tear testpieces (the IRI tear cutter) has been described*. 

The testpiece is stretched in a tension-testing machine capable of substanti- 
ally constant rate of traverse of the moving grip. This rate is between either 
450 mm/min and 550 mm/min or 18 in/min and 22 in/min. 


PROCEDURE 


The testpiece is stretched in the tension-testing machine; stretching is not 
interrupted before the testpiece breaks. The maximum load reached during 
the tearing is noted. 

At least three, and preferably six testpieces are tested. 


TEMPERATURE OF TEST 


The test is normally carried out at a standard laboratory temperature, but 
it should be remembered that some synthetic rubbers have markedly lower tear 
strengths at elevated temperatures, and hence tests may also have to be carried 
out at high temperatures, 100° C being a useful temperature. 
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EXPRESSION OF RESULTS 


The property depends upon the width and thickness of the testpiece, and 
the result is expressed as the load necessary to tear a testpiece of standard 
width and thickness. The value is stated in units of force, F. 


We X ts 


where L_ = load in kilograms or pounds 
W, = width of standard testpiece = 9.7 mm = 0.38 inch 
W: = width of actual testpiece 
t; = thickness of standard testpiece = 2.5 mm = 0.10 inch 
tg = thickness of actual testpiece. 


The result reported is the middle value, if an odd number of testpieces is used, 
or the average of the middle two values, if an even number of testpieces is used, 
the various results being classified in order of increasing values. If only three 
testpieces are tested, then the individual results of each are given. The 
temperature of test is stated. 


REFERENCES 


1 Buist, Trens. Inst. Rubber Ind. 20, 155 (1945). 
* Buist and Kennedy, India Rubber J. 110, 809 (1946). 
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ISO Recommendation March 1957 


DETERMINATION OF THE MECHANICAL 
STABILITY OF LATEX 


FOREWORD 


This method of test is for natural rubber latex which contains preservative 
agents, and which has been submitted to some type of concentration process. 
The test is not necessarily suitable for latexes from natural sources other than 
Hevea brasiliensis or for latexes of synthetic rubber, compounded latex, vul- 
eanized latex or artificial dispersions of rubber. 


SUMMARY 


Latex is stirred at a high speed and the time required to produce obvious 
signs of clotting is regarded as a measure of mechanical stability. 


APPARATUS 


A latex container consisting of a flat-bottomed cylindrical vessel either 
127 mm or 5 inches high and having an inside diameter of either 56 mm to 
60 mm or 2.20 inches to 2.35 inches. The inner surface must be smooth and a 
transparent container is preferred. 

The stirring apparatus consists of a vertical stainless steel shaft either 
15.2 cm or 6 inches long and tapering to either 6.35 mm or 0.25 inch at its lower 
end, where is attached a horizontal smooth stainless steel disk either 21 mm 
+ 0.025 mm or 0.820 inch + 0.001 inch in diameter and either 1.55 mm + 
0.05 mm or 0.062 inch + 0.002 inch thick by means of a threaded stud at the 
exact center of the disk. The apparatus is designed to maintain a stirring 
speed of 14,000 rpm + 200 rpm throughout a test. The speed should be 
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checked while a test is in progress. At this speed the shaft must not run more 
than either 0.25 mm or 0.01 inch out of true. 

An arrangement for holding the latex container so that the axis of the rotat- 
ing shaft is concentric with that of the latex container and the bottom of the 
stirring disk is either 12.5 mm + 2.5 mm or 0.5 inch + 0.1 inch from the bottom 
inside of the latex container. 


PROCEDURE 


The latex is diluted with 1.6 per cent NH; to 55 per cent + 0.2 per cent total 
solids. It is strained through square mesh stainless steel gauze with a nominal 
aperture width of 0.160 mm to 0.200 mm. Within 6 hours, 80 g + 1 g of the 
diluted, strained latex is weighed into the container and the temperature ad- 
justed to 35° C+ 1° C. The latex should not be subjected to unnecessarily 
prolonged warming tending to form a surface skin by evaporation. A conveni- 
ent method of obtaining the required temperature is by passing hot water 
through a glass tube bent to a suitable shape and very gently stirring the latex 
with it for about 5 minutes, while still in the container. 

The container is placed in position and the contents stirred at 14,000 rpm 
+ 200 rpm until the end point is reached. 

The end point is reached, when small pieces of coagulated rubber are first 
readily seen in the thin film of liquid formed when a glass rod is dipped into the 
latex and lightly drawn over the palm of the hand, or when a curdy or rippled 
appearance is first visible over most of the surface of the latex in the container. 

In case of dispute the end point is reached when, on straining the latex 
through stainless steel gauze, with a nominal aperture width of 0.160 mm to 
0.200 mm, the amount of dry coagulum obtained first exceeds 0.5 g. 


EXPRESSION OF RESULTS 


In reporting the result of the test, the end point used should be stated. 

The mechanical stability of the latex is expressed as the number of seconds 
between the commencement of stirring and the end point. The results of 
duplicate tests should not differ by more than 5 per cent. 


ISO Recommendation R 36 March 1957 


DETERMINATION OF THE ADHESION OF VULCANIZED 
NATURAL OR SYNTHETIC RUBBERS 
TO TEXTILE FABRICS 


FOREWORD 


The methods of test described below cover the procedure of measuring the 
force required to separate, by stripping, two plies of fabric bonded with rubber, 
or a rubber layer and a fabric ply. They are applicable when the ply surfaces 
are approximately plane or cylindrical as in the case of belting, insertion sheet, 
hose and tire carcasses. For surfaces which contain sharp bends, angles or 
other gross irregularities that cannot be avoided, special methods must be em- 
ployed. 

SUMMARY 

The test consists in measuring the force required to separate, by stripping, 
two plies of fabric bonded with rubber, or a rubber layer and a fabric ply of 
standard dimensions in the form of a flat strip or a cylinder. 


DIMENSIONS OF TESTPIECE 


(a) Strip testpiece—The testpiece is either 25 mm + 0.5 mm or 1 inch 
+ 0.02 inch wide and of sufficient length to allow a minimum test length of 
either 100 mm or 4 inches. The thickness of the ply or layer which is to be 
separated should not exceed either 6 mm or 0.25 inch. Where the ply or layer 
which is to be separated exceeds either 6 mm or 0.25 inch, it should be cut down 
to the requisite thickness before proceeding with the test. The thickness of 
this ply should be no greater than the thickness of the remainder. 

(b) Ring testpiece—Hose testpieces are either 25 mm + 0.5 mm or 1 inch 
+ 0.02 inch long cylinders. Rings having an internal diameter in excess of 
either 100 mm or 4 inches are cut through and opened to form strip testpieces. 
The thickness of the ply or layer which is to be separated should not exceed 
either 6 mm or 0.25 inch. Where the ply or layer which is to be separated 
exceeds either 6 mm or 0.25 inch, it should be cut down to the requisite thick- 
ness before proceeding with the test. The thickness of this ply should be no 
greater than the thickness of the remainder. 


APPARATUS 


The testing machine should be of the pendulum single lever type capable 
of a substantially constant rate of traverse of the moving head. It must be 
able to maintain the specified rate of traverse during the test. The apparatus 
should preferably be fitted with an autographic recorder. 

Note-—A machine having a pendulum with a large moment of inertia is 
unsuitable for this test. 


METHOD OF TEST 


(a) In the case of a flat strip, the outer layer of rubber (if any) and the ply 
are separated for a distance of approximately 75 mm or 3 inches. Separated 
ends of the testpiece are fixed in the grips of the testing machine. The rate of 
travel of the power-driven grip is constant and within the range of either 5 cm/ 
min to 25 cm/min or 2 in/min to 10 in/min so as to give a ply separation of 
either 2.5 cm/min to 12.5 cm/min or 1 in/min to 5 in/min. The machine is 
operated without the use of any device for maintaining maximum load indica- 
tion. 

During the separation, readings are taken of the load at intervals of either 
12.5 mm or 0.5 inch over a distance of either 100 mm or 4 inches. The average 
load is preferably determined from an autographic record, the area of the record 
being ascertained by a planimeter (neglecting the beginning and the end of the 
diagram) and this area divided by the length of the base. 

(b) In the case of rings, the procedure and conditions are as described above, 
except that the grip attached to the head of the machine is replaced by a freely 
rotating mandrel having an outside diameter substantially the same as the in- 
side diameter of the testpiece and that the rate of travel of the power-driven 
grip is either 2.5 cm/min to 12.5 em/min or 1 in/min to 5 in/min. The man- 
drel is mounted so that the stripping force is applied at right angles to the axis 
of rotation. 


NV {BER OF TESTPIECES 


Duplicate testpieces are tested. 
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TEMPERATURE OF TEST 


The test is normally carried out at a standard laboratory temperature and 
humidity. 


EXPRESSION OF RESULTS 


The adhesion value is expressed as the average force in kg/cm width or lb/in 
width, required to cause separation of the plies at either 2.5 cm/min to 12.5 
em/min or 1 in/min to 5in/min. The results are the average for the duplicate 
testpieces, where an autographic record is taken. Where readings are taken 
at 12.5 mm or 0.5 inch intervals, the average of the sixteen results is taken. 
The type of testpiece used and the temperature of test are stated. 
ISO Recommendation 
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DETERMINATION OF TENSILE STRESS-STRAIN PROPERTIES 
OF VULCANIZED NATURAL AND SYNTHETIC RUBBERS 


SUMMARY AND EXPLANATORY NOTE 


In this test, standard testpieces, either rings or dumbbells as described be- 
low, are stretched until they break in a tension-testing machine capable of a 
substantially constant rate of traverse of the lower grip or pulley. 

Ring and dumbbell testpieces do not necessarily give the same values for 
the stress-strain properties ; this is due mainly to the fact that in stretched rings 
the stress is not uniform over the cross-section; a second factor is the existence 
of “grain", which may cause dumbbells to give different values according as 
their length is parallel or perpendicular to the grain. 

Rings give lower, sometimes much lower, tensile strength values than dumb- 
bells, the latter being much nearer to the true tensile strength of the rubber. 
The estimation of true tensile strength from ring data involves extrapolation 
of the stress-strain curve’. 


TESTPIECE 
The testpiece is either a ring or a dumbbell, described as follows: 


(a) Ring testpiece-—Rings are nominally of internal diameter either 44.6 
m:. or 1.76 inches and external diameter either 52.6 mm or 2.07 inches, the 
rauial width nowhere deviating by more than either + 0.2 mm or + 0.008 
inch from the mean width. The thickness is preferably between either 4 mm 
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and 6 mm or 0.16 inch and 0.4 inch; in any one ring the thickness must no- 
where deviate by more than either + 0.2 mm or + 0.008 inch from the mean 
thickness. 

(b) Dumbbell testpiece.-—The testpiece is determined by the die dimensioned 
as given in Figure 1 and Table I. The testpiece must not be more than either 


TaBLe I 
DIMENSIONS OF TESTPIECE 
Dimension 
A Overall length, minimum 
B Width of ends 


C Length of narrow narallel portion 
D Width of narrow parallel portion* 


HH +HH 


i) 


E Small radius 
F Large radius 


* The variation in any one die should not exceed either 0.05 mm or 0.002 inch. 


== 


3mm or 0.12 inch thick. The gage marks are not more than either 25 mm or | 
inch apart and are equidistant from the ends of the central parallel-sided part of 
the testpiece. 

MEASUREMENT OF TESTPIECES 


(a) Ring testpieces.—Thickness is measured by a micrometer gage, the foot 
of which exerts a pressure of either 200 g/sq cm or 3 lb/sq in on the rubber. 
The width is measured in the same way, but using a gage with curved feet to 
fit the curvature of the ring. For precise work, the cross-section of the ring is 
calculated from its weight, density and mean circumference; for the ring 
specified in 2 (a): 

a X 48.6 = 152 mm or 6.00 inches. 


(b) Dumbbell testpieces——Thickness is measured by a gage as described in 
3 (a). The width of the test portion is assumed to be equal to the width be- 
tween the cutting edges of the narrow central part of the die; for this purpose, 
the width of this part of the die is measured to the nearest 0.05 mm or 0.002 


inch. 
APPARATUS 


The tensile test machine is capable of a substantially constant rate of tra- 
verse of the moving grip or pulley. This rate is between either 45 cm/min and 
55 cm/min or 18 in/min and 22 in/min. Rings are fitted over two rotatable 
pulleys, either 25 mm or 1 inch in diameter, at least one of which, preferably the 
lower, is automatically rotated by the machine to equalize the strain in the ring 
while it is being stretched. Dumbbells are held at their widened ends in grips 
that tighten automatically as the tension increases and exert a uniform pressure 
across the width of the testpiece. The dumbbell testpiece is place centrally in 
the grips. 

Means are provided for obtaining the following measurements without 
stopping the machine: (a) the load on the testpiece; and (6) the elongation of 
the testpiece, as shown by either the distance between the gage marks on the 
dumbbell, or the distance between the pulleys in tests on rings. 


NUMBER OF TESTPIECES 


At least three pieces are tested. 


ers Inches 
are 33 + 1 
6+ 0.4 
— 0.0 
14+ 0.5 
25 + 1 
4 xxiv 


TEMPERATURE OF TEST 


Tests are usually carried out at a standard laboratory temperature. The 
testpieces are conditioned at the test temperature for not less than 12 hours 
immediately before testing. 


EXPRESSION OF RESULTS 


In tests on rings, the calculation of modulus or elongation at constant stress 
is made on the mean circumference, but the elongation at break is calculated 
on the internal circumference. 

For tensile strength, elongation at break, modulus or elongation at constant 
stress, the result reported is: the middle value, if an odd number of testpieces 
is used, or the average of the middle two values, if an even number of testpieces 
is used, the various results being classified in order of increasing values. 

The report should include: (a) the values, determined as described above, 
for tensile strength, elongation at break, and modulus or elongation at constant 
stress; (b) type of testpiece used; (c) method of determining cross-section (of 
rings); (d) number of testpieces used; (e) temperature of test; (f) direction of 
grain (for dumbbells). 

REFERENCE 


' Reece, Trans. Inst. Rubber Ind. 11, 312 (1935); Scott, J. Rubber Research 18, 30 (1949). 
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DETERMINATION OF HARDNESS OF VULCANIZED 
NATURAL AND SYNTHETIC RUBBERS 


FOREWORD 


The standard hardness test is based on a measurement of the penetration of 
a rigid ball into the rubber testpiece under specified conditions. The measured 
penetration is converted into International Rubber Hardness Degrees (IRH), 
the scale of degrees being so chosen that 0 represents a material having an 
elasticity modulus of zero and 100 represents a material of infinite elasticity 
modulus, and so that the following conditions are fulfilled over most of the 
normal range of hardness: 


(a) One International Rubber Hardness Degree always represents approxi- 
mately the same proportionate difference in Young's modulus; 

(b) Readings in International Rubber Hardness Degrees are approximately 
the same as those of the Shore durometer types ‘‘A’’. 


For substantially elastic isotropic materials like well-vulcanized natural rubbers, 
the hardness in International Rubber Hardness Degrees bears a known relation 
to Young's modulus, although for markedly plastic or anisotropic rubbers the 
relationship will be less precisely known. 


SUMMARY 


The hardness test consists in measuring the difference between the depths 
of penetration of the ball into the rubber under a small initial load and a large 
final load. From this difference the hardness in International Rubber Eard- 
ness Degrees is derived by using either Table II, page xxvii, or the graph based 
on this table, or a scale, reading directly in International Rubber Hardness 
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Degrees and derived from the table, fitted to the penetration-measuring 
instrument. 

The relation between the difference of penetration and the hardness ex- 
pressed in International Rubber Hardness Degrees is based on: 


(1) The known approximate relation, for a perfectly elastic isotropic 
material, between penetration P (in hundredths of a millimeter) and 
Young's modulus M (in kilograms-force per square centimeter), namely 


*F/M = 0.00017 piss 


where F = indenting force (kgf), R = radius of ball (cm). 

(2) The use of a probit (integrated normal error) curve to relate logio M 
and the hardness in International Rubber Hardness Degrees, as shown 
in the diagram on page 7, this curve being defined thus: 


(a) value of logio M corresponding to midpoint of curve 
= either 1.37 (M expressed in kgf/sq cm) or 2.52 (M expressed 
in lb/sq in), i.e., M = 23.3 kgf/sq cm or 330 Ib/sq in 
(6) maximum slope 
= 57 Internationa! Rubber Hardness Degrees per unit increase 
in logio M 
TESTPIECE 


The testpiece has its upper and lower surfaces flat, smooth and parallel to — 
one another, two pieces of rubber (but not more than two) may be superposed 
to obtain the necessary thickness. 


Taste I 
Total thickness of test piece : of testpiece 
‘Millimeters Inches. Millimeters Inches 

2.5 0.1 6.5 0.25 

5 0.2 7.6 0.3 
8 0.3 9.0 0.35 

10 0.4 10.0 0.4 
15 0.6 11.5 0.45 

25 1.0 12.7 0.5 


The standard testpiece is between 8 mm and 10 mm thick, the lateral dimen- 
sions being such that no test is made at a distance from the edge of the testpiece 
less than the appropriate distance shown in Table I hereunder. 

Non-standard testpieces may be thicker or thinner than the standard, but 
in no case less than 2 mm thick. The lateral dimensions are such that no test 
is made at a distance from the edge less than the appropriate distance shown in 
Table I hereunder. 

Tests intended to be comparable must be made on testpieces of the same 
thickness. 
APPARATUS 


The essential parts of the apparatus are: 


(a) A vertical plunger terminating in a rigid ball 2.44 mm + 0.06 mm in 
diameter ; 


(b) Means for applying loads of 30 g and 570 g + 5 g to the ball; it is 
essential to allow for the weight of the plunger and of any fitting at- 
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0.01 mm Degrees 


Inter- Inter- Inter- 
national | national national 
Rubber Rubber Rubber zy 
D Hardness FP D Hardness D Hardness 2 
0.01 mm Degrees 0.01 mm Degrees 0.01 mm Degrees 
0 100 50 71.0 100 48.8 150 35.6 a 
1 100 51 70.4 101 48.5 151 35.4 
2 99.9 52 69.8 102 48.1 152 35.2 - 
3 99.8 53 69.3 103 47.8 153 35.0 | 
4 99.6 54 68.7 104 47.5 154 34.8 ‘ 
5 93 5 682 10 471 155 6 
6 99.0 56 67.6 106 46.8 156 34.4 < 
7 98.6 57 67.1 107 46.5 157 34.3 | 
8 98.1 58 66.6 108 46.2 158 34.1 
9 97.7 59 66.0 109 45.9 159 33.9 
10 97.1 60 65.5 110 45.6 160 33.7 
ll 96.5 61 65.0 111 45.3 161 33.5 
12 95.9 62 64.5 112 45.0 162 33.3 
13 95.3 63 64.0 113 44.7 163 33.2 
14 94.7 64 63.5 114 44.4 164 33.0 
15 94.0 65 63.0 115 44.1 165 32.8 
16 93.4 66 62.5 116 43.8 166 32.7 . 
17 92.7 67 62.0 117 43.5 167 32.5 
18 92.0 68 61.5 118 43.3 168 32.3 
19 91.3 69 61.1 119 43.0 169 32.2 . 
20 90.6 70 60.6 120 42.7 170 32.0 . 
21 89.8 71 60.1 121 42.5 171 31.9 
22 89.2 72 59.7 122 42.2 172 31.7 
23 88.5 73 59.2 123 41.9 173 31.6 
24 87.8 74 58.8 124 41.7 174 31.4 
25 87.1 75 58.3 125 41.4 175 31.3 
26 86.4 76 57.9 126 41.1 176 31.1 
27 85.7 77 57.5 127 40.9 177 31.0 
28 85.0 78 57.0 128 40.6 178 30.9 
, 29 84.3 79 56.6 129 40.4 179 30.7 
30 83.6 80 56.2 130 40.1 180 30.6 
31 82.9 81 55.8 131 39.9 181 30.5 
32 82.2 82 55.4 132 39.6 182 30.3 
33 81.5 83 55.0 133 39.4 183 30.2 | 
34 80.9 84 54.6 134 39.1 184 30.1 : 
35 802 8 542 135 38.9 185 
36 79.5 86 53.8 136 38.7 186 29.9 
37 78.9 87 53.4 137 38.4 187 29.8 
38 78.2 88 53.0 138 38.2 188 29.6 : 
39 77.6 89 52.7 139 38.0 139 29.5 Be 
40 77.0 90 52.3 140 37.8 190 29.4 4 
41 76.4 91 52.0 141 37.5 191 29.3 be 
42 75.8 92 51.6 142 37.3 192 29.2 if - 
43 75.2 93 51.2 143 37.1 193 29.1 rt. 
“s 44 74.5 94 50.9 144 36.9 194 29.0 7 
29 0805 145 367 19 289 
73.3 96 50.2 146 36.5 196 28.8 = 
72.7 97 49.8 147 36.2 197 28.8 c\ 
72.2 98 49.5 148 36.0 198 28.7 a 
71.6 99 49.1 149 35.8 199 28.6 % . 
200 28.5 


tached to it and for the force of any spring acting on it, in order that the 
loads actually applied to the ball shall be as specified ; 


(c) Means, e.g., a dial gage, for indicating the movement of the plunger, 
either in metric or in inch units or reading directly in International 
Rubber Hardness Degrees; 


(d) A foot about 20 mm in diameter, normal to the axis of the plunger and 
having a central hole about 5 mm in diameter for the passage of the 
plunger, the foot forming part of the penetration-measuring gage; the 
foot rests on the testpiece and exerts a pressure on it of 200 g/sq cm 
300 g/sq cm; 


(e) Means, e.g., an electrically operated buzzer, for gently vibrating the 
apparatus to overcome any slight friction (this can be omitted in 
to instruments where friction is completely eliminated). 


PROCEDURE 


The testpiece is first conditioned. The upper and lower surfaces of the 
testpiece are slightly dusted with tale and the testpiece supported on a hori- 
zontal rigid surface. The foot is first lowered so as to rest on the surface of 
the testpiece. The plunger and indenting ball are pressed for 5 seconds verti- 
cally on to the rubber, the load on the ball being 30 g. 

If the gage is graduated directly in International Rubber Hardness Degrees, 
the bezel of the yage is then turned so that the pointer indicates 100 (care being 
taken not to exert any vertical pressure on the gage). An additional load of 
540 g + 5 g is then applied and maintained for 30 seconds, the reading on the 
gage is the hardness in International Rubber Hardness Degrees. 

During the loading periods the apparatus i+ gently vibrated to overcome 
any friction. 

If the gage is graduated in metric or in inch units, the movement D (in 
hundredths of a millimeter) of the plunger caused by applying the additional 
540 g load as described above is read off and converted into International Rub- 
ber Hardness Degrees by using Table II, or the granh constructed therefrom. 


NUMBER OF READINGS 

One measurement is made at each of four different points distributed over 
the testpiece and the results averaged. 
CONDITIONING | 

The samples are maintained at the temperature of test and at a relative 
humidity, still to be agreed, for at least twelve hours immediately before testing. 
TEMPERATURE OF TEST 
The test is normally carried out at a standard laboratory temperature. 


EXPRESSION OF RESULTS 


Hardness is reported to the nearest whole number as the mean of the four 
measurements expressed in International Rubher Hardness (IRH) Degrees, 
and the following additional data are quoted: 


(a) thickness of testp.ece, 
(b) temperature of test. 
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MECHANICAL PROPERTIES OF NATURAL AND 
SYNTHETIC RUBBERS * 


F. Burcue 


Department oF Puysics, Untverstry or Wromina, Laramie, WromIne 


INTRODUCTION 


It is the purpose of this paper to investigate the mechanical properties of 
synthetic and natural rubber under relatively small elongations. In particu- 
lar, it will be shown how the measured tensile creep data for these materials 
explains the observed hysteresis and heat build up properties. The molecular 
mechanisms responsible for these effects will be pointed out and methods for 
improvement in regard to heat production properties will be examined. Com- 
parison with experimental data for polybutadiene, synthetic natural rubber, 
and high molecular weight SBR will be made in an effort to check the general 
ideas presented. 


THEORY 


If a tensile force F is suddenly applied to the end of a rectangular piece of 
amorphous polymer, the polymer elongates with time as shown in Figure 1’. 
The time scale in this figure depends markedly upon temperature. If the 
point A is reached at a time of one minute after the load is applied, the polymer 
is so cold that the molecular chains do not slip readily over each other. The 
polymer therefore behaves like a solid glass. However, as the temperature is 
raised, the chains acquire moe freedom of motion and at high enough tempera- 
tures point B will be reached in one minute. At that temperature the polymer 
appears to be a ‘“‘slow’’ rubber which is hard under a fast test and soft under a 
slow test. 

The portion BC of the curve in Figure 1 is the quasi equilibrium elongation 
of the polymer network formed by the chain entanglements. Since the height 
of this plateau region of the curve can be used to calculate a quasi equilibrium 
modulus for the network set up in the polymer by entanglements of the chains, 
one can calculate the molecular weight between entanglements M,, from the 
usual network theory of elasticity. This method for calculating M, has been 
checked! using an independent method based on viscosity measurements and 
found to be satisfactory. 

Eventually, if one waits long enough, the entangled chains will slip past each 
other and the network will cease to exist. This gives rise .o the additional 
elongation occurring beyond point C. Most of this additional elongation is 
also elastic in nature until AL becomes much larger than is indicated in the 
figure. It results from stretching of the chains as a whole rather than just 
those portions between initial entanglement points. However, at still later 
times, the chains having been elongated to an equilibrium value, additional 
elongation is the result of true viscous flow. 


* Reprinted from the Journal of Polymer Science, Vol. 25, pages 305-24 (1957). 
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Fie. 1.—Typical creep curve for a very high molecular weight polymer, 


The preceding statements presuppose a very high molecular weight polymer. 
For lower molecular weights the entanglements will unravel more easily and 
portion BC of the curve will become shorter. For M < 20M, the plateau is 
essentially nonexistent. In that case, the true viscous flow also becomes domi- 
nant sooner. 

For a typical rubber, one requires that the temperature be high enough so 
that point B is reached in a time of less than about 0.1 second. If such is not the 
case, the rubber will be too slow to be useful in any but slow deformation condi- 
tions. Ideally, too, the plateau region BC should be extremely long and flat. 

Since it is impossible to obtain a suitably long plateau in practice, one intro- 
duces an artificial but stable network into the sample. By vulcanizing the 
polymer one hopes to replace the entanglement network by a permanent one. 
It appears that the success one has in achieving this aim is greater in the case 
of natural than for synthetic rubber. This is of primary concern when one 
considers hysteresis and heat build up effects in the rubber. 

In order to see how the ideas outlined above fit into the problem of heat 
build up in rubber under repeated flexing, consider the rubber whose creep 
curve is shown in Figure 2. It will be shown in a later section that all rubbers 
measured conform to a curve of this general type at least to a first approxima- 


Fie. 2.—Typical creep curve for a vulcanized rubber, 
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tion. Under normal operating conditions for tires, the point B is reached in a 
time much shorter than the time taken for a tire to make one tenth of a revolu- 
tion. If one approximates the load applied to the rubber in practice by a tri- 
angular,force as shown in Figure 3, it is possible to compute the heat generated 
per unit volume of rubber per second. It turns out to be (see Appendix I): 


heat = 6.6xnF®max (1) 


In this expression, « is the slope of the long time portion of the curve in Figure 
2, n is the frequency of the force impulses to the rubber, and Fax is the maxi- 
mum tension experienced by the rubber. If a sinusoidal force had been as- 
sumed, the functional relationships of Equation (1) would not be changed al- 
though the numerical constant would be different. 


Fig. 3.—Applied force as a function of time used in obtain...z Equation (1). 


It is clear from Equation (1) that the primary factor governing heat genera- 
tion in rubber under oscillatory tests is the flatness of the plateau in the curves 
of Figure 1 and 2. If the slope of the plateau, «, is zero, the heat generated will 
be negligible. Similarly, a high slope gives rise to large quantities of heat being 
generated. In that which follows, it is shown that this factor is adequate to 
explain the excessive heat build up of SBR. 


EXPERIMENTAL 


Method.—The techniques used have been described in detail previously’. 
They consisted of applying a fixed load to the end of the sample and observing 
the elongation as a function of time. In this work the elongations were always 
kept below 5 percent. The samples were maintained in a constant temperature 
chamber which regulated to approximately 0.2° C. Some difficulty was ex- 
perienced as a result of crystallization in the natural rubber samples. This 
was minimized by taking readings immediately after lowering the temperature 
from about 40° C. Recovery as well as creep data were taken. Except in the 
most fluid polymers, the creep curve was reasonably reversible although small 
discrepancies may exist as found by Leaderman’. 

By making use of the equivalence of temperature and time it was possible to 
obtain a composite curve showing the tensile creep behavior of the sample over 
many decades of time. Each composite curve represents data taken at about 
ten temperatures. Since the curves will therefore have about 100 experimental 
points each, the actual points have not been included on the curves. The ex- 
perimental error was small enough so that all the points lie quite accurately on 
the curves shown. All of the curves given in this report have been reduced to 
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10°C. That is, the time scale is given for the rubber when held at 10°C. By 
use of the shifting factors, a7, given in a later section, one can convert the 
curves to other temperatures if desired. 

Materials.—The polymers used in this study were furnished by The Good- 
year Tire anc Rubber Company. These samples were prepared from a single 
batch of each material so that the measurements would not be influenced by 
variations in raw polymer preparation. The natural rubber was smoked 
sheet and the code numbers of the hot and cold SBR rubbers, unless otherwise 
stated, were GRS-1006 and 1500, respectively. 
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Fie. 4.—Tensile creep curves for pure, unmilled rubbers reduced to 10° C. Compliance 
is in em*/dyne and ¢ is in minutes. 


Preparation of the unvulcanized samples was usually carried out by evapor- 
ation of a chloroform solution of the polymer on a mercury surface. The 
resulting films were dried under vacuum and eventually pressed together to 
form sheets about 1 mm thick. The vulcanized samples and mixes were pre- 
pared according to the recipes given in Appendix II and were furnished to us in 
the form of sheets approximately 2 mm thick. 


RESULTS 


Unvulcanized raw rubbers.—The composite tensile creep curves at 10° C for 
the three uncompounded, unmilled basic rubbers are shown in Figure 4. _Be- 
cause of cumulative errors inherent in the superposition procedure, the error in 
the time scale may be as high as one-half decade. (The creep compliance, J, 
plotted in Figure 4 is defined as (AL/L)/(F/A).) 

Three features of interest should be pointed out about these curves. First, 
the synthetic rubbers have a higher glass temperature than does natural rubber. 
This has been well known for several years and is of little consequence except 
for low temperature applications. 


ae | 
Hot sold 
cr-s / GR-s 
/ 
/ 
a / 
/ 
/ Natural 
/ 
| 
a“ 
3 


MECHANICAL PROPERTIES 5 


Second, the plateau for natural rubber is about twice as high as for synthetic. 
This feature was noticed previously by Zapas, Shufler, and DeWitt’. It is an fe 
indication of the tightness of the entanglement network in the polymer, SBR a 
having the tighter network. One can use the familiar relation for network i 
elasticity : 

1/J = 3vKT (2) 


to compute the molecular weight between entanglement points. It is found a 
that M, is approximately 4300 and 2200 for natural and SBR rubber, respec- ‘ 
tively. This corresponds to about 250 and 120 chain backbone atoms (Z,) 
between the entanglement points. Since the average molecular weight per 
backbone atom is not too different for these two polymers, the total length of 
chain per unit volume is about the same in each case. Consequently major 
differences in entanglement behavior are probably a result of chain backbone 
flexibility. It is expected that stiff chains will have shorter entanglement 
lengths. One therefore concludes that the SBR chain is stiffer than that of <e 
natural rubber. This is not unexpected in view of the known structures of a 
these chains. 

For comparison purposes, the molecular weight per chain backbone atom Me 
will be taken as 17 and 18 for natural rubber and SBR, respectively. Since ° 
pure polystyrene has a molecular weight of 52 per backbone atom, one expects a 
the total chain length in unit volume of rubber to be about 2.7 times larger than 
for polystyrene. Thus, rubber should have about 2.7 times more entangle- 
ments than polystyrene. Since Z, for polystyrene is about 400', one would 
expect Z, for rubber to be about 150 if the chains were comparable. Since Z, 
for SBR is less than this, we would expect the SBR chain to be stiffer than 
polystyrene. On the same basis, natural rubber chains should be more flexible. 

It will be seen in that which follows that this difference between natural and 
synthetic rubber is not of primary importance in respect to heat build up effects. 
It does, however, influence the modulus which one obtains at low degrees of ¥ 
crosslinking. 

The third feature of interest about Figure 4 is the large difference in plateau 
lengths for natural and synthetic rubber. While the plateau for natural rubber 
is very long, that for the synthetics is so short as to be nearly nonexistent. At 
first thought one might think that crystallites in the natural rubber were re- 
tarding the slippage of the entanglement points. This view is disproved by 
the fact that much of the plateau region was measured at temperatures above 
30° C, where no crystallinity shov!d exist. In addition, the measurements of 
Zapas and others® on a much higher molecular weight SBR sample than used 
here, also show the long plateau evidenced here for natural rubber. 

It is therefore concluded that the short plateau of the SBR samples is a 
reflection of the low molecular weight of the material. Current theory predicts! 
that the length of the plateau should vary approximately in proportion to 
M‘;‘. Since it is doubtful that the values of M,, differ by as large a factor as 

’ Figure 4 would require, it must ke concluded that the theory depends on a more 
sensitive molecular weight average than M, or that the form of the theoretical 
relation is somewhat in error in this respect. In any event, it would appear 
that the low number-average molecular weight of SBR is responsible for the 
observed short plateau for this polymer. 

Figure 4 also illustrates why SBR has extremely poor strength and elastic 
properties before vulcanization. At room temperature the rubber will show 
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considerable viscous flow even just a few seconds after an external load is 
applied. It therefore shows considerable permanent deformation after the 
lead is released. In addition, the viscous flow decreases the effective number 
of chains holding the load on any given cross-section. For this reason, the rub- 
ber is very weak under a slow test and, in fact, should have very nearly zero 
strength under an extremely slow test. In contrast to this, natural rubber 
exhibits much less viscous flow at room temperature and will therefore show 
these bad effects to a much smaller degree. 

Vulcanized rubbers without black—Figures 5 and 6 show the creep curves 
for the unfilled but vulcanized polymers of Figure 4 in Formulation A as given 
in Appendix II. The cures for the respective figures were 30 and 90 minutes at 
200° F. Other data for these polymers are given in Table I. The curves for 


Natural 


Fie. 5.—Tensile creep curves for unfilled rubbers vulcanized for 30 minutes at 
290° F reduced to 10° C. Compliance is in cm*/dyne and ¢ is in minutes. 


a 60-minute cure have also been obtained and they lie about midway between 
those for the two cures shown. Striking differences are apparent between the 
effect of vulcanization on the natural and synthetic rubbers. 

Apparently the vulcanization process has been very satisfactory in the case 
of natural rubber. The primary molecules have been tied into a stable network 
which responds quickly under load and then remains at nearly constant elonga- 
tion for long times thereafter. Thus, the slope of the upper portion of the curve 
is near zero and, as outlined in a previous section, the vulcanized natural rubber 
should show relatively small heat build up. 

Such is not the case for the SBR materials. It is clear from Figures 5 and 6 
that the molecules in this case have not been tied into a stable network. Asa 
result, the rubber never reaches an equilibrium extension under the applied load 
but, instead, continues to elongate indefinitely. The consequent large slope, 
x, of the long time portion of these curves results in large heat build up effects 
as shown in the theory section. One could presumably vulcanize the rubber 
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Natural 


loq(t) 


Fie. 6.—Tensile creep curves for unfilled rubbers vulcanized for 90 minutes at 
290° F reduced to 10° C. Compliance is in em*/dyne and ¢ is in minutes. 


more highly and, as a result, form a more stable network in the sample. How- 
ever, it has been shown‘ that already the material is too highly crosslinked for 
optimum tensile strength and so higher degrees of crosslinking are not desirable. 

Apparently the poor network formation in SBR is a result of the low num- 
ber-average molecular weight of these materials. It will be recalled that, in 
forming a polymer network, one uses up as many crosslinks as one has primary 
molecules merely in joining the molecules together. These are essentially lost 
as far as network functions are concerned. Consequently, since SBR has a 
much lower M,, than does natural rubber, it is apparent that in order to obtain 
equivalent network structures one must go to much higher degrees of crosslink- 
ing in the case of SBR than would be necessary for natural rubber. 

It would appear, then, that to make a more suitable synthetic rubber one 
should increase the molecular weight of SBR. This solution has the following 
drawback. SBR is known to have a much wider molecular weight distribution 
than does natural rubber. For this reason, the synthetic rubber not only has a 


TaBLe I 
TENSILE STRENGTH Data FoR MATERIALS OF Figures 5 AND 6 
Tensile Ultimate 300% 
strength, elongation, modulus, 
Compound i 


Natural 
Hot SBR 


Cold SBR 


> 
ly 
7 
8 
Cold 
all 
— 
7 
7 
10 
/ 
-5 0 
30 2460 765 210 _ 
60 2090 757 190 
120 1900 785 180 . 
30 200 815 75 - 
60 175 320 150 ¢ 
120 175 290 
30 200 568 125 
60 180 600 110 a 
120 200 490 140 S 
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lower M, than natural rubber, but the higher molecular weight averages, M, 
and M,,,, turn out to be larger than for natural rubber. Since the recoverable 
deformation of rubber during extrusion is proportional to the quantity M,4,:M,/ 
M,y, it is clear why SBR of much higher molecular weight than now being used 
would be difficult to process. Preliminary measurements made in this labora- 
tory indicate that the above quantity is about five times larger for unmilled 
SBR than for natural rubber. The quantity is reduced upon milling because 
of the preferential rupture of the longer chains. 


Natural Rubber 


loq,(a,) 


= 


10 /T 


35 40 a5 
Fria, 7.—Superposition factors, ar, for natural rubber. 


As a by-product of the Ferry-Tobolsky temperature-time superposition 
procedure used in processing the data for Figures 4, 5, and 6, one obtains a set 
of shifting factors, ar. These are defined in such a way that, if one wishes to 
obtain the time-dependence of the elongation at some temperature other than 
10° C, say 7’, one merely considers the z axis to be a plot of log (art) rather than 
log (¢). The values of these shifting factors are given in Figures 7, 8, and 9 for 
natural rubber and hot and cold SBR. It was found that ,to a fair approxima- 
tion, the carbon black loaded rubbers conformed to these same values of ar 
except at very low temperatures. ; 

Loaded and vulcanized rubbers.—The properties of natural rubber and cold 
SBR containing various quantities of HAF carbon black in Formulation B are 
shown in Figures 10 through 12. In each graph the broken curves are for 
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Hot GR-S 
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10°/T 


3.5 4.0 45 
Fie. 8.—Superposition factors, ar, for hot SBR. 


natural rubber. Carbon black concentrations are given in each case on the 
basis of 100 parts by weight of the pure rubber. Similar data were obtained 
for hot SBR stocks but, since they differ only slightly from the cold SBR data, 
they are not shown here. It was found, however, that in the recipe used the 


Cold GR-S 
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Fria, 9.—-Superposition factors, ar, for cold SBR. 
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hot SBR samples apparently cured more rapidly than did the cold rubber. A 
cure of 20 minutes for the former seemed about equivalent to 30 minutes for the 
latter. 

Several features of interest are shown by these curves. First, it is apparent 
that the mechanical action involved in the milling procedure has greatly re- 
duced the amount of high molecular weight material in the natural rubber. 
The long plateau found for the uncompounded, unmilled rubber is no longer 
present before vulcanization. From what was said in the previous section, 


-10 -5 


Fie. 10.—Tensile creep curves for pxtural rubber (broken curves) and cold SBR (full curves) contain- 
Lan rts carbon black. The numbers on the curves give the cure in minutes at 280° F. All curves are 
to 10° C, the compliance being in cm*/dyne and the time in minutes. 


this indicates that the longest chains have been broken down. However, no 
great increase in the amount of very low molecular weight material has oc- 
curred since the rubber still vuleanizes very well. The less flat plateau in the 
case of the highest black concentration indicates that perhaps degradation has 
begun to decrease the facility of network formation for that formulation. 

A comparison of the curves for the filled SBR samples with those given in 
Figures 5 and 6 shows that the presence of carbon black has resulted in a more 
satisfactory network response. Although the plateau portions of the SBR 
curves in Figures 10 through 12 are not nearly so flat as those for natural rub- 
ber, the improvement over the unfilled samples is quite obvious. As pointed 
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out in the ‘“‘Theory”’ section, the slope of the plateau, x, is proportional to the 
heat developed upon flexing. Since the curves do not correspond to the exact 
shape postulated in the theory, it is necessary to approximate the upper portion 
of the observed curve by a straight line. From a consideration of the frequency 
of flexing in tire applications and assuming an operating temperature of about 
50° C, one can conclude that the portion of the curves up to about a 1-minute 
response at 10° C will be traced out under normal operating conditions. For 
this reason, we approximate the upper portions of the curves by the tangent 
line at log (t) = 0. 


1a. 11.—Tensile creep curves for natural rubber (broken curves) and cold SBR 
(full curves) containing 45 parts carbon black. 


To the above approximation, one can compute the value of x, proportional 
to the heat produced, for the materials studied. This has been done and the 
results for the filled cold and hot SBR samples as well as for natural rubber are 
given in Table II. For convenience, the other pertinent mechanical proper- 
ties of these materials are also given in the table. No data for the unvulcanized 
and unfilled polymers are given there since the values of «x for these materials : 
vary so widely that their interrelation is obvious from the graphs given. gs 

It is seen from Table II that the heat evolved during flexing of natural rub- 
ber should be much less than for the synthetics. This is known to be true in 
practice and tends to confirm our considerations concerning heat build up. 
The differences between hot and cold SBR are not so obvious. One must 
examine the data in the table rather carefully before the reasons for the supe- 
riority of the cold rubber become clear. Comparison of the two rubbers at 7 
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-10 


Fie. 12,—Tensile creep curves for natural rubber (broken curves) and cold SBR 
(full curves) containing 55 parts carbon black. 


TaBLe II 


Data FoR Carson Buiack Fittep Rusppers ComPpounpED 


Polymer 
C. GRS-1500 


H. GRS-1006 


Natural 


Black, 
phr 


25 


25 
45 
45 
45 
55 
55 
25 
45 
45 
45 
55 
55 
25 
25 
45 
45 
45 
55 
55 


IN ForMULATION B 


X10, Strength, elongation, 300% 
min « » ion, 
280° om!/g psi modulus 


0.60 1560 645 300 
0.22 1110 310 1110 
0.42 2360 520 ones 
0.16 2225 300 

0.12 1825 230 _ 
0.20 2575 435 1500 
0.10 2750 280 — 


ss8eses 


0.19 925 275 —_ 
41 1800 520 750 
21 2050 320 1850 
17 1860 225 _ 
25 2400 465 1300 
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equivalent strengths and moduli shows that in each case the cold rubber will 
show less heat development. However, cold SBR would still appear to be 
definitely inferior to natural rubber in this respect. 

As pointed out above, the larger heat generation of SBR is a result of its 
low number-average molecular weight, M,. Apparently cold SBR has a some- 
what larger M, than does hot SBR, thereby showing improved performance in 
this respect. Addition of carbon black to the rubber helps the rubber to form 
a more stable network than can exist without it. The process by which this 
occurs is still somewhat obscure. However, a study of Figures 10 through 12 
gives some information concerning this matter. 
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Fra, 13. rves for d high 
F are i ted on each curve. (Formulation B.) 


It is apparent at once that the carbon black is relatively ineffective before 
vulcanization. The curves for the unvulcanized materials rise less steeply with 
increasing carbon black concentration. However, this is at least approximately 
what one would expect for the effect of solid particles added to any viscous 
liquid, polymeric or not. Our measurements were not extended far enough into 
the region of pure viscous flow to test this view with any precision. Certainly, 
however, the mere addition of carbon black has not led to any stable network 
within the polymer. One must conclude that, before the vulcanization takes 
place, no great number of chains can be attached permanently to the black. 

After vulcanization the situation is somewhat different. The carbon black 
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obviously aids in forming a stable network. This has been known for many 
years and at least two ways for interpreting this behavior have been postulated. 
Guth and Gold® showed that rigid particles imbedded in an elastic rubber will 
tend to increase the modulus. 

It is seen in Figures 10, 11, and 12 that the slight inflection in the curve 
for the unvulcanized natural rubber occurs at successively lower elongations 
for higher and higher carbon black concentration. If this is identified as the 
remnant of the plateau in the unmilled sample, then it would appear that this 
behavior is much like that predicted by Guth and Gold®. Unfortunately, the 
data of this report are not satisfactory for a quantitative comparison chiefly 
because of the poor definition of the plateau regions of the various curves. 


5 


loq(t) 
-10 -5 0 
Fic. 14.—Creep curves for synthetic cis-polyisoprene with Mn = 157,000 (solid curves) compared to those 
for ordinary natural rubber (broken curves). The cures and black loadings are indicated on each curve. 


An alternate view of the action of carbon black has been presented by A. M. 
Bueche®. He postulates that some of the rubber chains are attached to the 
black at various points. This action introduces additional crosslinks into the 
system and consequently the network is strengthened. The experimental data 
of this report conform to the general predictions of such a proposal also but 
once again the data neither prove nor disprove it. 

It should be pointed out that previous tests of these thecries may be only 
qualitative for the following reason. The creep curves for all of the filled rub- 
bers examined in this work never show a completely horizontal plateau. This 
means that it is impossible to define a meaningful equilibrium modulus. Since 
both theories of reinforcement deal only with the modulus under equilibrium 
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conditions, it is clear that a definite test of them will encounter considerable 
difficulty. Apparently a fairly satisfactory test could be made using natural 
rubber but it is doubtful if comparison with the data for SBR can ever be any- 
thing but qualitative. 

High molecular weight SBR.—Two cold rubbers used in making oil extended 
rubber have been studied. Their dilute solution viscosities (DSV) were 2.92 
and 3.37. The data for the unfilled vulcanized polymers are shown in Figure 
13. Itis clear from a comparison with Figure 6 that these polymers are better 
in their vulcanization properties than is ordinary cold SBR. 


Fre. 15.—Creep curves for synthetic cis-polyisoprene with M, = 111,000 (solid curves) as compared 
to those for ordinary natural rubber (broken curves). The cures and black loadings are indicated on each 
curve. 


Considerable difference exists between the two polymers of Figure 13 also. 
As one would expect, the higher molecular weight polymer shows considerably 
better network formation. In fact, the 60-minute cure shows a behavior com- 
parable to natural rubber. Although the addition of oil to this material before 
vulcanization will probably harm it to some extent, it is apparent that the low 
heat production found for this material in practice should not be unexpected. 

Polybutadiene—A sample of unfilled 122° F polybutadiene was also ex- 
amined. It showed properties similar to ordinary hot SBR although its glass 
temperature was considerably lower than for SBR. The plateau region for this 
polymer was too poorly defined to obtain a precise estimate of its height. 

Synthetic ‘natural’ rubber.—Two synthetic cis-polyisoprenes with number- 
average molecular weights of 111,000 and 157,000 were measured. The data 
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for these are shown in Figures 14 and 15 together with that of a natural rubber 
control. Physical data for these are given in Table III. 

It is apparent that the 111,000 polymer is dangerously close to having an 
unacceptably low molecular weight. Since ordinary SBR has an M, not in 
excess of 110,000, it is obvious why it does not vulcanize acceptably. The 
157,000 polymer is clearly superior to the lower molecular weight one with 
respect to heat production properties, at least at low filler concentrations. In 
addition, as seen in Table III, the strength of the low M polymer has been 
impaired by its low value of M,. The 157,000 polymer appears to compare 
reasonably well with the natural product. 

Crystallization phenomena.—Although crystallization phenomena are not a 
logical part of this paper, it might be of interest to mention two interesting facts 
encountered during this work. Since a small amount of crystallinity results 
in a rather large change in modulus, the present method was capable of detecting 
rather small amounts of crystallization. In the course of the measurements 
we found that from time to time both SBR and 122° F polybutadiene would 


TaBLe III 


CoMPARATIVE DaTA FOR NATURAL AND SYNTHETIC “NatTuRAL” RuBBER 
(Formu.ations C anp D*) 


Strength 
(approx.), 
psi 


Polymer 
Synthetic (1.11 x 10°) J 130 


2800 
Synthetic (1.57 X 10°) . 2900 


3800 
Natural 3700 


3500 


begin to crystallize, the latter to an unexpectedly high degree. The optimum 
temperature for crystallization of pure 122° F polybutadiene was near — 52° C. 
These are not new phenomena, having been found by Gehman and others’ 
some years ago, but they are apparently not well known. 


CONCLUSION 


It is felt that the reason for the large heat generation in SBR under flexure 
is now reasonably well understood. According to the present view, it is the 
result of the fact that M, is too low in SBR thereby making it impossible to form 
a satisfactory network within the polymer. When the molecular weight is in- 
creased, as is done with SBR used in oil extended polymers, a more suitable 
network is formed in the rubber during vulcanization and as a result this rubber 
shows less heat development. 

Addition of carbon black to the rubber tends to increase the stability of the 
vulcanization network. Whether this is a result of the purely mechanical 
effects of solid particles imbedded in the existing network or whether the black 
actually enters into the network structure through chemical bonding is still not 
clear. 

In any event, it serves the function of retarding the creep of the polymer at 
long times. The fact that the addition of black increases the generation of heat 
for the same amplitude of deformation is probably the result of the necessary 
increase in F max needed to attain this deformation as predicted by Equation (1). 
The black’s important function in regard to strength properties was discussed 
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briefly in a previous report‘ from this laboratory and will be investigated more 
in the future. 

It should be pointed out that many of the observations and conclusions pre- 
sented here have previously been presented by others although it is believed 
that now they will appear more logical and conclusive. Obviously it is impos- 
sible to mention all the pertinent work carried out in this field which has led 
others to conclusions similar to those presented here. Omission of such refer- 
ences was made necessary by the mere fact of their great number. 


APPENDIX I 
The applied force can be represented over one impulse by the equations: 


PF = (Frax/7)t 
= (Finx/7)[27 —t] 2r 
= 0 otherwise 


In order to find how the sample elongates with time under this applied force, 
we consider that small increments of force, AF /At, are added to (or subtracted 
from) the sample. These values are just dF/dt. Each added force gives rise to 
a creep elongation represented by: 


Al = (dF/dt),.« log [(t — £)/to] fort >t 


where é is the time at which the increment of force was added and where log to 
is the intercept of the tangent line to the logarithmic creep curve. Summing 
all these elongations gives the total observed elongation, AL. 

The energy loss will then be given by: 


Heat = f (dAL/dt)F dt 
0 


where just a single impulse is considered. In practice, the impulses will be far 
enough apart so that they may be considered approximately independent. 
After carrying out the indicated operations, one obtains the result of Equa- 
tion (1). 

APPENDIX II 


ForMULATION A 
Rubber 
Zinc oxide 
Stearic acid 
Sulfur 
Captax 
Pheny]-2-naphthylamine 


* 2.75 for natural rubber. 


ForMULATION B 
Rubber 
Zine oxide 
Stearic acid 
Anax 
Santocure 
Sulfur 
@ 2.5 for natural rubber. 


* 0.8 for natural rubber. 
¢ 2.25 for natural rubber. 
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ForRMULATION C 
Rubber 
Zinc oxide 
Stearic acid 
Sulfur 
BLE 
Captax 
@1.25 when M, = 111,000. 
ForRMULATION D 
Rubber 
Rosin acid softener 
BLE 
Stearic acid 
Altax 
Zine oxide 
Sulfur 


SYNOPSIS 


The tensile creep behavior of natural rubber, high and low temperature 
SBR, polybutadiene, and a synthetic cis-polyisoprene have been investigated. 
By combining measurements over the temperature range —70 to +60° C, it 
has been possible to obtain a composite creep curve covering over 15 decades of 
time for each of these materials. In addition, similar curves have been ob- 
tained for most of these materials at several degrees of cure and containing vari- 
ous amounts of carbon black. All measurements were confined to elongations 
below about 5 per cent. One can conclude from these data that the synthetic 
rubbers, except for the cis-polyisoprene, do not vulcanize to give a mechanically 
stable network. That is to say, these materials never reach equilibrium elonga- 
tion under an applied load. It is concluded that the number-average molecu- 
lar weights of SBR is so low that excessive degrees of crosslinking are needed in 
order to form a stable network. Natural rubber and certain synthetic cis- 
polyisoprenes do not suffer from this defect. The excessive heat generation 
found in SBR upon flexure is attributed to the fact that an equilibrium exten- 
sion is never achieved in these materials. A theoretical relation for the heat 
production in flexed rubbers is given. It is shown that the theory predicts the 
relative behavior of the various rubbers in respect to heat generation under 
flexure. 


ACKNOWLEDGMENT 


This work was sponsored by The Goodyear Tire and Rubber Company as 
part of a general program in support of fundamental research on synthetic 
rubber. The author is indebted to Drs. 8. D. Gehman and R. M. Pierson for 
valuable advice concerning this work. The compounds and polymers used in 
this paper together with the pertinent tensile strength data were generously 
furnished by them. 


REFERENCES 


1 See, for cmnmaple, F. Bueche, J. Appl. Phys. 26, 738 (1955). 


2 Leaderman, J. Polymer Sci. 16, 261 (1955). 

4 Zapas, Shufler, and DeWitt, J. Polymer Sci. 18, 245 (1955). 

4F. Bueche, J. Polymer Sci. 24, 189 (1957). 

5 Guth and Gold, J. Appl. Phys. 16, 20 (1945). 

* A. M. Bueche, J. Polymer Sci. 15, 105 (1955). 

7 Gehman, Jones, Wilkinson, and Woodford, Ind. Eng. Chem. 42, 475 (1950). 


« 
a8 
> 
18 
100 
6 
4 
3 
1 
1¢ 
3 
1 
2 
0.8 
3 
2 
4 


THE ULTIMATE PROPERTIES OF 
SIMPLE ELASTOMERS * 


A. M. BurecHe 


Researcn Lasoratory, GENERAL Evecrric Company, Scuenectapy, New York 


INTRODUCTION 


The ultimate properties of polymers are very poorly understood. A large 
mass of practical data is available but at present there seem to be no molecular 
theories for its correlation or for use as a guide in obtaining new data’. 

In the following pages a theoretical approach to the ultimate properties of 
simple crosslinked elastomers will be described. The treatment will be limited 
to the tensile strength and ultimate elongation at temperatures high enough so 
that crystallinity and the viscous work during extension are negligible. The 
theory can be extended to cover compressive or shear strength with relatively 
little effort. The incorporation of the effects of viscosity and crystallinity will 
require somewhat more work. (After the completion of the major part of this 
work I learned that Prof. F. Bueche, University of Wyoming, has developed a 
somewnat similar theory for the tensile strength of viscous elastomers*.) 


A CRITERION FOR SAMPLE RUPTURE 


The tensile testing of a sample is usually carried out by slowly increasing 
the length of the sample until rupture occurs. The retractive force and the 
relative elongation at the time of rupture are noted. We would like to find a 
useful criterion for this rupture point. 

Consider a sample undergoing elongation. If at some time during this proc- 
ess the tension on one portion of the sample passes through a maximum, and 
continuously decreases after that time, this portion will elongate farther than 
the other parts of the sample. If during this time bonds are ruptured in the 
sample in such a way that it becomes easier to elongate and if the rate of bond 
rupture increases with increasing elongation the process may become cata- 
strophic and lead to sample rupture. 

We shall assume that the point of maximum tension, 7, defines the point at 
which rupture occurs and examine the consequences. This criterion for 
rupture can be written as: 


(0r/dt)e = 0 (1) 


where ¢ denotes the time and the subscript c indicates that the portion of the 
sample is in this critical condition. 

If the sample were perfect the entire sample might reach this critical condi- 
tion simultaneously. In practice, however, it seems that no test sample can 
be made perfect. We would expect that the condition described by Equation 
(1) would exist in one region while other parts of the sample are not yet there. 
The region to reach this condition first will depend on the shape and degree of 


* Reprinted from tiie Journal of Polymer Science, Vol. 19, No. 92, pages 275-284, February, 1956. 
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perfection. One would expect that a thin section or the edge of a cut or scratch 
would be under greater tension than the remainder of the sample. These as- 
pects will not be discussed any more in this treatment; we will assume here that 
such a region exists. 

The evaluation of the consequences of our hypothesis requires that we have 
an expression for 7 as a function of time. Apparently no such general expres- 
sion exists at present. However, it seems safe to assume that the tension 
acting across a plane will be proportional to n, the number of bonds per unit 
area in the plane and to some function g(a) describing the shape of the stress- 
strain curve. Thus we will write: 


t = Hng(a) (2) 


where H is a proportionality constant and a = L/Lo where L and Lp are the 
stretched and initial lengths of the sample. 
Differentiating Equation (2) with respect to time and equating to zero, the 


criterion becomes: 
1 dn ld¢g 0a 


where (da/dt), is the critical rate of elongation. In general the right side of 
Equation (3) can be determined from experiment. The first factor can be 
determined from the shape of the stress-strain curve in the absence of the 
breaking of bonds. In the case of simple elastomers at low rates of strain and 
high enough temperatures so that viscous and crystallinity effects are negligi- 
ble g(a) has been shown to be given to a good approximation by the kinetic 
theory result! # 

=a — (4) 


In this case the work of extension per mole of chains between crosslinks be- 
comes: 


W = (RT/2)(e? + 2a — 3) (5) 


These expressions of Equations (4) and (5) are reasonable approximations only 
at low extensions. For higher values of a they have been found to give values 
that are too low. In such cases the equations developed by Guth and James 
seem to represent the experimental values more precisely’. 

Since we either know or can determine the right side of Equation (3) the 
problem reduces to one of finding an expression for the rate of bond rupture in 
terms of the molecular constitution of the sample. This will be attempted in 
the next section. 


BOND RUPTURE IN DEFORMED ELASTOMERS 


In the absence of a network or any applied force it might be expected that 
bonds would be broken according to the relation: 


— (1/n)(On/dt) = A exp{ — AFt/RT} (6) 


where the frequency factor is: 


A =kT/h 
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and AF‘ is the free energy of activation for the process, R is the gas constant, 
T is the absolute temperature, k is Boltzmann's constant, and h is Planck's 
constant*, 

The formation of a network, a change in initial molecular weight of the 
polymer, and the deformation of the sample all change the free energy of the 
sample. If we are to compare samples having different degrees of crosslinking, 
and thus break at different elongations, we must choose our reference state so 
that it is independent of these conditions. It will be convenient in our case to 
take as the reference state that in which the bonds are contained in a noncross- 
linked polymer molecule of very high molecular weight. When the sample is 
crosslinked and extended we will be increasing the free energy per mole of bonds 
by an amount AF. The rate of bond rupture is then: 


— (1/n)(On/dt) = A exp{ — (AF*/RT) + (AF/RT)} (8) 


The problem becomes one of finding an expression for AF. 

To evaluate AF for our crosslinked deformed sample the following scheme is 
convenient. First we will find the expression for the disorientation entropy, 
S1, per mole of bonds for the chains between crosslinks, treating them as being 
independent. We will subtract from this the disorientation entropy, So, per 
mole of bonds contained in chains of very high molecular weight. We will 
next find the change in configurational entropy, Se, for crosslinking the chains 
using f-functional crosslinks. To this we will add the change of configurational 
entropy, S;, on deformation. This, then, should be the total configurational 
entropy change per mole of bonds, AS, of forming the network from an original 
polymer of very high molecular weight. We will add a term representing the 
enthalpy changes during the crosslinking process. 

Flory has shown that the disorientation entropy per mole of polymer chains, 
each chain having Z main chain bonds, is given to a good approximation by: 


R{In (Z) + ZG} (9) 


where G is a constant depending on the flexibility of the polymer chain and 
where we have neglected unity compared to Z'. For large Z the first term is 
small compared to the second so that dividing by Z we obtain: 


So = RG (10) 


Using Equation (9) we may write the configurational entropy per mole of bonds 
in our system of chains as: 


S; = (R/Z) In (Z) + RG (11) 


The configurational entropy change upon connecting the ends of these v 
moles of chains to f-functional crosslinks has been shown to be: 


(2Rv(f — 1)/f] In (2»NAv/Ve) (12) 


where N is Avogadro's number and Av is the small element of the total volume 
V in which f chain ends must exist if they are to take part in a single crosslink®. 
On the basis of a mole of bonds this becomes: 


= (2R(f — 1)/Zf] In (2yNAv/Ve) (13) 
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The quantity in the logarithmic factor may be simplified by realizing that Av 
is the volume of approximately f bonds, i.e., Av = fuo/N, where vo is the molar 
volume of the bonds. In making this substitution and using the relations 
n = vZ and nyo = V, Equation (13) becomes: 


= [2R(f — 1)/Zf] In (2j/Ze) (14) 


The entropy change during deformation is according to Equation (5) or a 
modification thereof : 


S; =— W/TZ (15) 


The crosslinking process will be accompanied by an enthalpy change in 
addition to the entropy changes described above. The magnitude of this 
change is expected to depend on the type of crosslinks formed. The change in 
crosslinking a hydrocarbon chain, for instance, might be estimated from the 
bond energies of the two carbon-hydrogen bonds broken and the new carbon- 
carbon bonds formed during the crosslinking process. This would correspond 
to an increase in enthalpy per mole of crosslinks of approximately 114 keal. 
It is to be expected that such an estimate, based on reported bond energies, 
will be rather rough. It should, however, give the order of magnitude to be 
expected. For the present purposes we will not try to be more explicit. The 
parameter AH, representing the enthalpy change of the polymer sample during 
formation of a mole of chains between crosslinks, will be introduced. The 
change per mole of bonds becomes AH/Z. The total free energy change be- 
comes then: 


If our crosslinks are tetrafunctional this becomes: 


The rate may now be obtained by substituting for AF in Equation (8). 

For comparison with experiment we will have to know how to express Z in 
terms of measurable quantities. If all but a negligible number of the bonds in 
the sample are in the chains between crosslinks and if we remember that v9 is 
the volume of one mole of bonds we can write: 


z= (18) 
vo 


The quantity (v/V) may be determined from the equilibrium tension at a given 
elongation by the use of the kinetic theory result: 


= RT(v/V) (19) 


or from a detailed knowledge of the chemical constitution of the sample. 
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When the degree of crosslinking is low or if the initial polymer, before cross- 
linking, had a low molecular weight the fraction of the bonds in the sample that 
are not in chains between crosslinks may be appreciable’. In such cases a cor- 
rection must be made in the value of Z determined by Equation (18). Flory 
has shown that the fraction of bonds that are in chains between crosslinks is 
given approximately by: 


Sa = v/(v + 2N) (20) 
Making the substitutions: 
v/V = 2(C — p/M) 


and N/V = p/M where C is the number of moles of crosslinks per unit volume 
of the sample, p is the polymer density, and M is the initial molecular weight 
we have that: 


Sa = (C — p/M)C (21) 


When this correction is important the true value of Z will be that given by 
Equation (18) multiplied by Sq. 
The criterion for rupture can now be written as: 


= A exp + (Z) Fin (=) (22) 


RT Z| RT 2 e 
This can be put into a more convenient form for comparison with experiment 


by taking logarithms of both sides and rearranging so that: 


We 18e) 1 3 *) - 4H _, 
RT (222) + = BZ (23) 


AF? Oa 
B = ppt in - In (A) (24) 


Thus a plot of the measured quantities on the left side of Equation (23) vs Z 
should be linear and have a slope B. If the rate of elongation is known the 
free energy of activation can be calculated from the value of B determined in 
this way. The intercept at Z = 0 determines the value of AH/RT. 

An examination of the negative rate of chain rupture as given by the right 
side of Equation (22) indicates that bonds may be broken in a sample even 
though it is not deformed, i.e., W is zero. It appears that difficulty would be 
encountered, in some cases, in producing a highly crosslinked sample even 
though a linear molecule of high molecular weight might be quite stable. In 
this case it might be expected that the polymer would tend to take up other 
configurations, such as rings, ete., which would not result in effective crosslinks, 
if such configurations were possible. 

The quantity (1/¢)(@¢/da) decreases as a increases when ¢(a) is given by 
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Equation (4) or by expressions describing Hookian behavior. It might be 
expected, then, that as the activation energy AF! decreases the elongation at 
break, a. would also decrease. The value of a-, according to the present hy- 
pothesis, should also increase as the rate at which the sample is tested increases. 
For normal tensile tesis uhis dependence should be slight but may be appreci- 
able for very fast ones. 

In principle the tine necessary for breaking a sample could be obtained by 
integrating Eq ation. (8) to find the time necessary to break a major fraction 
of the bonds. This integration appears to be rather involved and will not be 
carried out at this time. 

In obtaining Equation (23) average values of Z and W, have been used. 
An actual sample will have a distribution of lengths of chains between cross- 
links and a distribution of energies of these chains. Approximate calculations 
have indicated that consideration of these effects will not change the form of 
Equation (23) appreciably except for low values of Z. These calculations will 
not be described here. 


TaBLe I 
Properties OF A CROSSLINKED POLYDIMETHYLSILOXANE 


te(kg/em?) 


« MR stands for millions of equivalent roentgen units as determined by an air ionization chamber. 


The rupture of a polymer sample requires that more surface be formed. 
A consideration of this requirement leads to the conclusion that the sample can- 
not be ruptured unless it contains at least enough energy to form this new sur- 
face. Since for elastomers, as normally tested, this energy is expected to be 
low the effect will be neglected. Because of this, however, the derived rela- 
tionships will be expected to fail at very low rates of test and low elongations, 
i.e., some samples can never rupture, no matter how slow the test, until enough 
energy has been stored to create the new surface. 


CONFRONTATION WITH EXPERIMENT 


In some preliminary experiments, which we plan to continue, a linear poly- 
dimethylsiloxane having an intrinsic viscosity of [y] = 136 cc/gram in toluene 
at 25° C was crosslinked using high energy electrons. The samples were found 
to have completely reversible stress-strain curves at room temperature even 
at elongations close to the ultimate elongation. Elongated samples showed no 
measurable stress relaxation over periods as long as three days. This was taken 
as evidence for the absence of a significant amount of chemical stress relaxation. 

Dumbbell shaped samples at about 26° C were stretched in a tensile testing 
machine until they broke. The rate of elongation was 0.25 per minute, This 
rate was small enough so that when the elongation process was stopped before 
the sample ruptured no measurable viscous type relaxation was observed. 
The elongation, a,., and tension 7,, at break are recorded in Table I. 

Values of Z were computed from the equilibrium tensions at low elongations 
using Equations (18) and (19) by using values of v = 74 cc per mole and 
RT = 600 cal/mole. Use of the tensions at low elongations in this computa- 


MRe Ge Zz W./RT 

& 5 4.35 4 270 6.75 

es 10 4.48 2.4 143 1.78 

20 4.23 1.6 101 Al 

a 50 3.73 1.1-1.2 53 ~.09 
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tion seemed to be more reliable since the stress-strain curves deviated somewhat 
from the form of g(a) at high elongations. Had the values of r. been used, the 
magnitude of these deviations would have changed from sample to sample as 
a, varied. It is difficult to decide whether or not vp should have been taken as 
one half the above value. Fortunately the final results are very insensitive to 
this change in vo. Since the lowest radiation dose for the samples measured was 
at least 20 times the dose necessary for gelation, the correction of the Z values 
by use of Equation (21) was not necessary. The values of W./RT, computed 
from the measured a,’s using Equation (5), are also shown in Table I. Values 
of Y are computed as indicated by Equation (23) and are plotted as a function 
of Z in Figure 1. 


300 


4 — 
3005, 100 200 300 


Fie. 1.—Ultimate elongation data plotted as suggested by Equation (23). 
Each point is the average of three determinations. 


Within the limits of error of the experiments all the points fall on a straight 
line having a slope B = 2.3. The intercept of the line at Z = 1 is —235. If 
we take A = 10" per sec and (da/dt). = 4 X 10~* per sec this value of B leads 
to (AFt/RT) = 37.8, which is equivalent to AF? = 22.6 kcal per mole. It is 
interesting to compare the value with the activation energy found by stress 
relaxation measurements at different temperatures on a similar polymer®. 
The value found in that case was 22.8 keal per mole. Since the two are not 
expected to be exactly the same, this would seem to be reasonable agreement’. 

The value of AH determined using the intercept at Z = 0 is 141 keal per 
mole of chains between crosslinks. Since in a tetrafunctionally crosslinked 
system each crosslink results in two chains the value per mole of crosslinks is 
twice the above number. Based on the previous estimate this seems to be too 
high by a factor of two. If the chemical details of the crosslinking of polydi- 
methylsiloxanes by electron irradiation were known we might be in a better 
position to discuss the significance of this value, 
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Having determined the values of the parameters AFt and AH from Figure 
1 it is now possible to compare the rates. The criterion for rupture required 
that Equation (3) hold. The rates have been computed using the data of Table 
I and Equations (4), (8), and (17). They are recorded in Table II. The agree- 
ment seems to be within the limits of experimental error. The rates computed 
using g(a) are very sensitive to small changes of a, for low elongations. A 
variation of a, from 1.1 to 1.2 is responsible for the difference in the tabulated 
values for the case Z = 53. Future experiments might be directed toward 
obtaining more accurate values in this region. 


TABLE II 
RELATIVE Rates oF Bonp Rupture 
1 an 
).x 

Z 10* per sec 10 per sec 
270 1.0 1.0 
143 2.2 2.0 
101 4.1 4.8 

53 32.7 37-17 


The present treatment introduces the equilibrium properties of the system 
for the purposes of finding expressions for Z, g(a), and W. The quantities Z 
and W are used to express the work of deformation per network bond. Fora 
highly crosslinked sample this could be determined from the stress-strain curve 
and the sample dimensions. Presumably, ¢(a@) could be determined by the 
same methods. If this were done it seems that the restriction of negligible 
viscosity and crystallinity effects could be eliminated and that the above analy- 
sis might apply to systems where these are important. How well the relations 
presented here will represent the factors in those cases remains to be determined 
by experiment. 


SYNOPSIS 


A criterion for the rupture of simple elastomers is postulated and its conse- 
quences examined. The criterion assumes that the sample will break when the 
rate of increase of tension due to further elongation is equal to the decrease due 
to bond rupture. The former is computed from the rate of strain and the form 
of the stress-strain curve. An expression for the latter is found using reaction 
rate considerations. The resulting expressions represent the experimental 
data on the rupture of polydimethylsiloxanes within the limits of experimental 
error. The free energy of activation for bond rupture obtained from the tensile 
data, by use of the theory, at one temperature is in approximate agreement with 
the activation energy obtained from stress relaxation measurements at several 
temperatures. 
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INFLUENCE OF MOLECULAR SHAPE ON THE 
TENSILE STRENGTH OF VULCANIZATES * 


A. 8. T. V. Doroxurna, anv P. I. ZuBov 


Screntiric Researcu Instirvute oF THE INDUSTRY 


A study of the mechanism of the formation of albuminous gels' has shown 
that the mechanical strength of films depends on the shape of the chain mole- 
cules. Films prepared from globular casein have a lower tensile strength than 
those prepared from fibrillar casein?. It would be natural to assume that the 
mechanical properties of rubberlike polymers and vulcanizates depend on the 
shape of the molecular chains. 

In order to verify this hypothesis, vulcanized films* prepared from solutions 
of butyl rubber in various solvents were examined, assuming that the degree of 
twisting depends on the nature of the solvent. Benzene and carbon tetra- 
chloride, in which the degree of twisting of the butyl rubber chains is quite 
different, were chosen as solvents. The tensile strengths given in Table I are 
the mean statistical data from 25 specimens. 

Data of the change in relative viscosity of solutions of butyl rubber in ben- 
zene and in carbon tetrachloride as functions of the temperature and concentra- 
tion are shown in Figure 1. It is seen that the relative viscosity of benzene 
solutions is lower than that of carbon tetrachloride solutions of equal concentra- 
tion. An increase in the relative viscosity of benzene solutions of butyl rubber 
is observed with an increase in temperature, while a decrease is observed in 
carbon tetrachloride solutions. These changes of relative viscosity with an 
increase in temperature are less pronounced in solutions with concentrations up 
to 0.3 g per 100 cc, where the polymer forms true molecular solutions, and are 
more pronounced in concentrated solutions. 

Several investigators' obtained similar data for polyisobutylene; solutions 
of the latter in a thermodynamically ‘‘weak" solvent had a positive temperature 
coefficient of change of relative viscosity, and in a “good” solvent, a negative 
coefficient. 

It is natural to ascribe the increase in relative viscosity of benzene solutions 
of butyl rubber during heating to the uncoiling of the twisted molecular knots 
and the decrease in the relative viscosity of carbon tetrachloride solutions to the 
twisting of the relatively straight polymer chains into denser knots. The gela- 
tion of benzene solutions of butyl rubber during heating also reflects this twisting 
of the chains. 

When the temperature of benzene solutions of butyl rubber of concentration 
greater than 3 g per 100 cc rises to 80°, a swollen gel is precipitated ; if the tem- 
perature is reduced, the gel again dissolves. The formation of a gel under these 
conditions can be due only to untwisting of the molecular knots and consequent 
increase of molecular reactions between the chains. No gel formation is ob- 
served even when solutions of concentrations of 5 to 10 g per 100 cc are heated 
in carbon tetrachloride. 


* Translated for Russer Cuemisrry AND TecHNo.ocy from the Doklady Akademii Nauk SSSR, Vol. 
105, Number 3, pages 514-516 (1955). 
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TaBLe I 
Benzene Carbon tetrachloride 


Tensile strength, Relative ‘Tensile strength, Relative 
kg/sq cm cen. kg/sq cm elongation, 


Time of Calculated for ui Calculated for > 
i 


Initial 
min cross- cross- cross- cross- 
section section section section 


70 49.5 288 482 110.5 852 671 
A 100 46.1 278 501 112 888 692 
120 43.9 


B 70 90.6 806 794 87.4 786 799 
100 75.7 662 774 76.5 624 717 


Experimental data for both types of vulcanizates are given in Table IA, 
showing that those prepared from carbon tetrachloride have a tensile strength 
almost three times that of vulcanizates from benzene solutions. 

Consequently two fundamental conclusions can be made; i.e., (1) the original 
shape of the chains, which is governed by the nature of the solvent, is deter- 
mined on the surface of the carbon black particles and is preserved during vul- 
canization, and (2) vulcanizates with relatively straight chains have greater 
tensile strength than those with twisted chains. 

The higher mechanical strength of vulcanizates prepared from carbon tetra- 
chloride solutions may be due to the greater intermolecular activity between 
the straight chains and between the polymer and the carbon black particles. 

This reinforcement of rubbers by carbon blacks is governed to a large de- 
gree by the orientation of the straight chains on the surface of the carbon black 
particles and the ensuing increased intermolecular reaction between the poly- 
mer chains and between the polymer and the carbon black particles. 
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Fic. 1.—Variation in the relative viscosity of solutions of butyl rubber in benzene (A) and 
carbon tetrachloride (B) as a function of concentration and temperature. 
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Further evidence in support of this conclusion are the experiments on vul- 
canization of deformed films prepared according to the same recipe from ben- 
zene and carbon tetrachloride solutions. Before vulcanization the films were 
stretched 100 per cent in a special apparatus and vulcanized just as in the first 
experiment. Data on the mechanical properties of films vulcanized in the 
deformed state are shown in Table IB. These data show that, when stretched 
films prepared from benzene solutions are vulcanized, the tensile strength in- 
creases to a point corresponding to that of films from carbon tetrachloride solu- 
tions vulcanized in the relaxed state. The tensile strength of films from carbon 
tetrachloride solutions vulcanized in the deformed state is almost constant in 
comparison with films vulcanized in the relaxed state. 

From this it follows that when unvulcanized films from benzene solutions 
are stretched, the chains are straightened and oriented: the same process of 
twisting and formation of straight chains which takes place in films from carbon 
tetrachloride solutions. 

Thus, the experimental data show that the original shape of the polymer 
chains which form the spatial network is one of the chief factors which govern 
the tensile strength of vulcanizates. 

The data and conclusions presented in this article show a means for improv- 
ing both the mechanical properties of vulcanizates and the choice of plasticizers. 
In particular, these results can be used to obtain vulcanized films of greater 
strength in the manufacture of rubber goods from solutions by the use of a 
“good” solvent. 
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SKI RUBBER, POLYISOPRENE, SIMILAR TO 
NATURAL RUBBER * 


K. F. Anrkanova, G. E. Berrs, V. G. ZHakova, N. F. Komskaya, 
B. K. Karin, L. 8. Priss, M. M. Rezntkovskry, L. A. CHERNIKINA, 
AND E. B. SHETEYN 


Years of research at the 8. V. Lebedev All-Union Scientific Research Insti- 
tute for Synthetic Rubber! have provided industry with a number of methods 
for making synthetic rubber from isoprene. Of all the known synthetic rubbers 
this comes closest to natural rubber in structure and properties; it is the best 
available substitute of natural rubber, possessing a high degree of elasticity and 
strength. 

The present article is a brief summary of the basic work on isoprene rubber 
done by the Scientific Research Institute of the Tire Industry. On the basis 
of this work recommendations were made for the development of the production 
of synthetic isoprene rubber and the substitution of isoprene rubber for natural 
rubber in the manufacture of heavy duty truck tires. 

By using different polymerization processes it is possible to produce isoprene 
rubbers whose chain structures are very similar, but whose molecular weights, 
and therefore physical and technological properties, are very different. The 
cis structure of the 1,4 polyisoprene chains is the basic structural element of the 
new isoprene polymer. Therefore these synthetic isoprene rubbers (SKI) 
obtained through catalytic polymerization when vulcanized show a crystalline 
structure when x-rayed in the stretched state. The x-ray photographs also 
show that the geometric distribution of interference spots in SKI rubbers cor- 
responds to the distribution of interference spots in natural rubber, but that 
the relative intensities of the crystalline, liquid, and amorphous scatterings in 
the two rubbers are different (Figure 1). 

The intensity and size of the crystalline interference spots (other factors 
such as temperature, magnitude, and duration of deformation being equal) 
depend not only on the relative amounts of cis links in the 1,4 structure and 
other structures, but also on the extent of chain branching and the density and 
homogeneity of the molecular lattices in the vulcanizate. 

A fairly close approximation to the structure of natural rubber (98-100 per 
cent of cis links in the 1,4 structure) may be achieved by directing the catalytic 
chain polymerization of isoprene in a particular way; this is shown by the 
gradual increase in the similarity of all parameters in x-ray photographs of SKI 
and NR (natural) rubbers. 

A study of the plastic and elastic properties of raw (unvulcanized) SKI sam- 
ples, with different mean molecular weights, shows that SKI is closer to masti- 
cated natural rubber in its ratio of plasticity to recovery (Figure 2), but that its 
recovery is less than that of other synthetic rubbers. 

When for technical reasons SKI rubbers are polymerized to produce high 
molecular weight mixtures, too stiff for the formation of technologically desirable 
mixtures, the necessary plasticity may be achieved in several ways: (1) masti- 
~~ * Translated from Kauchuk i Rezina 1947, No. 1, pages 4-14. 
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Fia. 1.—Photometric curves made from x-ray photographs of SKI, NR, chloroprene and butyl rubbers. 
1—Intensity of film darkening along the line of crystalline interferences. 2—The same, along the line of 
the amorphous halo 6, 8, 9—samples stretched, respectively, 6, 8, and 9 times their length. 12°, 15°, 82° C 
—temperature of samples at which x-ray photographs were taken. 


cation on cold rolls, (2) mastication in closed mixers, (3) thermal oxidation in 
kettles (Figures 3 and 4), (4) the addition of low molecular weight polyisoprene 
fractions, and (5) the addition of various softeners. 

The tire and rubber industry is particularly interested in rubbers which do 


° 
A 6 
Fia@. 2.—Comparison of plasticity and recovery (in meters) of crude and masticated rubbers. The 


ordinate is recovery and abscissa plasticity. A—SKI, NR, and SKS-30A rubbers. B—SKN masticated 
rubber obtained by treatment on rolls (- - —); by thermal oxidation (—-). 


SKI RUBBER, POLYISOPRENE 31 “a 
iil 

2 al 
Op | 
12° 

q 
2 

22 \ i 

a 


32 RUBBER CHEMISTRY AND TECHNOLOGY 


not require mastication, since the process consumes a great amount of time 
and energy, involves the use of heavy rubber mixing equipment, and creates 
difficulties in setting up continuous production processes. 

When SKI. just as butadiene-styrene rubber, is masticated mechanically at 
low temperatures, the resulting material has a lower recovery than when it is 
obtained with thermal-oxidation mastication conducted in kettles and rubber 
mixers (see Figure 2); this indicates a tendency in these rubbers to recombine 
and form structure. 
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Fic. 3.—The kinetics of SKI mastication on rolls and the kinetics of thermal oxidation in a kettle and 
inaclosed rubber mixer with MBTS and without an accelerator. Ordinate is plasticity and abscissa masti- 
cation time in minutes. 


The greater the number of 1,2 and 3,4 structure links in the molecular 
chains, the greater the intensity of the processes just described. 

At about 140° C and with an insufficiency of oxygen in the system, the 
reactions of recombination and structure formation develop to a considerable 
degree. 

The intensity of thermal-oxidation mastication of SKI may be increased by 
adding various mastication accelerators such as fat acids, mercaptans, phenols, 
disulfides, etc. 

The kinetics of SKI and NR mastication in a laboratory mixer with MBTS 
(Altax) and without mastication accelerators are shown in Figure 3. 


Apparatus Temp., °C Rubber Curve 

Closed rubber mixer 140° SKI : 
SKI with 1 part of MBTS by weight 3 

NR with 1 part of MBTS by weight 4 

Kettle 135° SKI 6 
NR 6 

145° SKI 7 

NR 8 

Rolls 20°-80° SKI 9 
NR 10 

SKI 11 


NR 12 
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4.—Rise in temperature during the treatment of SKI in a rubber mixer, with and without carbon 


black, “ead the consumption of enerey uring these processes (rate | vi mixer roll rotation is 53-63 rev/min) 
Ordinate is temperature, ° C, and abscissa is duration of treat t 


The slow rise in temperature is due to the low internal friction of SKI rub- 
bers, and is indicated by the comparatively small amount of energy required to 
carry out the above described processes (Figure 4). 

In planning procedures for mixing and masticating SKI in rubberjmixers 
these factors should be kept in mind. 

With the proper degree of plasticity in SKI and the correct selection of 


Fra, 5. Theta of extruded samples of tread rubbers made from masticated SKI gather of 0.45, 
0.62 and 0.68 plasticity, containing 50 parts of channel black by weight. 
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softeners it is possible to obtain tread type rubber mixtures of satisfactory 
extrudability (Figure 5). 

The process of calendering raw SKI containing zinc oxide and various carbon 
blacks (channel, furnace, etc.), and the use of these rubbers in coating cord, 
creates no difficulties. 

Raw SKI mixtures are not very tacky; in this respect SKI is similar to syn- 
thetic rubber, and differs from natural rubber (NR) and the chloroprene poly- 
mers which, on the contrary, are very tacky. 

Unfilled and carbon-filled vulcanizates from SKI are very similar to their 
counterparts from natural rubber in the kinetics of the changes in mechanical 
properties due to vulcanization (Figure 6). 
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Fic. 6.—The kinetics of changes of tensile strength and ultimate elongation in SKI rubbers, with and 
without carbon black during vulcanization at different temperatures. Abscissa is vulcanization time in 
minutes. Left figures are for rubbers without carbon black and right are for rubbers with carbon black 


These rubbers are characterized by optimum vulcanization with respect to 
tensile strength, which coincides with the beginning of reversion in ultimate 
elongation. 

This indicates the simultaneous formation and breakdown of structure dur- 
ing the vulcanization of SKI, which is similar in rate to anologous processes in 
the vulcanization of N R*. 

Reversion of ultimate elongation during vulcanization occurs very rarely in 
butadiene-styrene rubbers and never in SKB rubbers. 

With a rise in the vulcanization temperature the proportion of destructive 
phenomena increases. This is indicated by a decrease in the vulcanization pla- 
teau with respect to tensile strength and an increase in the degree of reversion in 
ultimate elongation (Figure 6). 
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The unfavorable effect of temperature, however (see Figure 6), may be at- 
tenuated by adding carbon black and using the properly selected type of vul- 
canization recipe. 

The correct selection of a vulcanization recipe (the type of accelerators, 
their combination, and the proportion of accelerators to sulfur) is very import- 
ant in the case of SKI and other rubbers with a tendency towards degradation. 

Naturally, such a selection should not be made without taking into account 
the specific effect of the various carbon blacks and softeners on the processes 
occurring during vulcanization, including the reactions of sulfur, oxygen and 
the accelerators with rubber and with each other. 
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Fia. 7.—The dependence of the properties of unfilled SKI rubbers on the vulcanization parameters 
(the content of sulfur is indicated on the abscissas, the content of accelerator on the curves). rease ir 
lasticity after 30 min heating at 110° C, %, top row of figures; tensile strength, kg/cm, middle row of 
ures ; ultimate elongation, %, bottom row of figures. Vertical rows of figures are: I phenylg $ 
II—MBT; III—MBTs; 


Thus the same problems arise in selecting vulcanization recipes for SKI 
rubbers as for other rubbers. 

Figures 7 and 8 show that great variation in the properties of SKI vulcani- 
zates may be obtained through the slection of vulcanization recipes. They 
aiso show the resistance of SKI rubbers to premature vulcanization (the main- 
tenance of plasticity in comparison with initial plasticity after exposure to heat 
for 30 minutes at 110° C), tensile strength at optimum vulcanization, ultimate 
elongation at break, and moduli at 300 per cent elongation. 

SKI and other highly elastic polymers (such as NR, butyl and polychloro- 
prene rubbers) which show a crystalline structure upon elongation even when 
active fillers are not used, are characterized by high tensile strength. 
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When the testing temperature is increased, the tensile strength of unfilled 
SKI vulcanizates decreases more than that of NR vulcanizate but less than 
that of chloroprene or butyl rubber vulcanizates (Figure 9). 

It is also shown that when the temperature is increased ultimate elongation 
in SKI vulcanizates decreases less than in vulcanizates of other synthetic rub- 
bers. This indicates a greater homogeneity in the molecular structure of SKI 
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Fie. 8.—The dependence of the properties of SKI rubbers containing 30 parte of channel black by weight 
on the vulcanization p ters (content of sulfur, phr, is indicated on the abscissas, and content of ac- 
celerator is indicated on the curves). Decrease in plasticity after 30 min heating at 110° C, %, top row of 
figures ; modulus at 300% eiongation, kg/cm?, second row of figures; tensile strength kg/cm’, third row of 

ures ; ultimate elongation, %, fourth row of figures. Vertical rows of figures are: if iphenylguanidine ; 
1V—thiuram. 


vuleanizates, resulting in a more even distribution of tension in stretched 
samples®, and consequently more favorable conditions for the orientation of 
molecular chains during deformation. 

With a rise in the testing temperature changes in the tensile strength and 
ultimate elongation of unfilled SKI rubbers depend to a great extent on the 
homogeneity of the molecular structure, which in turn is determined by the 
particular polymerization process used (Figure 10). 

The tensile strength of SKI rubbers at normal and especially at high tem- 
peratures is increased by adding channel black. 
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Optimum loading for SKI rubbers with respect to tensile strength is 30 
parts of channel black per 100 parts of rubber at normal temperatures, and 50 
parts of channel black at 100° C. 

Table I shows the properties of unfilled SKI and other synthetic rubbers; 
Table II that of the same rubbers with an optimum loading of channel black. 

These tables provide data on the abrasion resistance of SKI rubbers as 
measured by a Grasselli abrader, and show that in resistance to abrasion SKI is 
somewhat inferior to NR. 
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Fie. 9.—The dependence of tensile strength (upper right), ultimate elongation (up r left), permanent 
set (lower left), and rebound elasticity (lower right) o f unfilled NR (1), SKT (2), * ‘nalrite” (3) and butyl 
rubber (4) on temperature, ° C. 


A more detailed study of abrasion resistance in SKI rubbers was made with 
a new device on which rubber samples are oscillated against different abrasive 
surfaces with varying radial and braking loads. Information on the apparatus 
and methods for testing abrasion in vulcanizates will be given in one of the 
following issues of this periodical. 

Data in Figure 12 shows that with a low coefficient of friction and a corre- 
sponding percent slip, SKI rubbers differ little from NR rubbers. 

The resistance of SKI rubbers to thermal oxidative aging depends on the 
composition of the rubber, i.e., the type of vulcanization recipe, age resistors, 
softeners, etc. used. 
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Fia. 10.—The thermostability of various unfilled SKI rubbers (numbers on curves refer to SKI rubbers 
of different structure). Abscissa is vulcanization time in minutes. Ordinate (upper) is tensile strength 
ave and (lower) ultimate elongation in per cent. Left is for testing at 20° and right is for testing at 


This report is limited to information showing the relationship in SKI rub- 
bers between age resistance (as compared with NR rubbers) and the amount of 
channel black used (Figure 13). Detailed studies of the dynamic properties 
of SKI rubbers were also made. The chief dynamic properties of rubber are its 
dynamic modulus (FE) and internal friction modulus (K), the mechanical losses 


TaBLe I 
Properties oF UNFILLED SKI, NR anp Orner Syntuetic RuBBEeRS 
Tensile Ultimate Rebound 


strength, elongation, elasticity, 
kg/cm? % 


100° C 20° C 
1000 
850 
700 
800 
Chloroprene ‘ 950 
Buty] rubber 900 
Polyisocyanate 316 ‘ 550 
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At At At 
100°C 20°C 
700 65 75 —56 
1100 75 80 —58 
: 400 53 66 —43 
350 12 55 —55 
300 35 —45 
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Tasie II 


Properties or SKI, NR, anp Orner Syntuetic RuBBERS WITH 
AN Optimum LoapING oF CHANNEL BLack 


Tensile Ultimate Rebound Resist- 
strength, elongation, elasticity, ance 
kg/em? % % Resist- to abra- 
A y A A ance sion, 
At At At At At At to tear, em?/ 
Rubbers 20°C 100° C 20° C 100°C «100° Cs kg/em kw-hr 
SKI 320 145 990 880 49 59 65 400 
NR 360 200 650 750 60 72 100 300 
SKB 170 60 600 220 26 41 60 450 
SKS-30A 260 120 730 450 35 46 80 260 
Chloroprene 265 70 760 360 47 68 70 290 
Buty! rubber 240 110 820 980 9 35 65 250 


suffered during a loading cycle per unit volume of the sample tested times the 
square of its dynamic deformation. 

Both these dynamic characteristics depend not only on the temperature, 
but to a great extent on the mechanical character of the testing, which in itself 
is determined by the type of deformation experienced (elongation, shear, com- 
pression, etc.), its amplitude, frequency, ete. It was therefore deemed neces- 
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Fie. 11.—The dependence of tensile strength and ultimate elongation on the amount of channel black 
used in SKI, NR, polychloroprene and butyl rubbers (tested at 20° C and 100° C). Ordinate for upper 
row of figures is tensile strength in kg/cm? and for the lower row is ultimate elongation in percent. Readi 
from left to right the figures are for natural rubber (first row), chloroprene rubber (second row), SKI (thi 
row), and butyl rubber (fourth row). The abscissa is phr of channel black, 


— 
. 
pe 


40 RUBBER CHEMISTRY AND TECHNOLOGY 


sary to present the results of several experiments, where different testing meth- 
ods were used (Table ITI). 

Table III indicates that the dynamic properties of SKI rubbers are very 
similar to those of NRrubbers. The low internal friction modulus in SKI rub- 
bers is particularly important, as it enables these rubbers to perform satisfact- 
orily under conditions of repeated deformation. Table III shows the favorable 
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Fra. —Dependence of abrasion resistance of SKI (1), NR (2) and SKS-30A (3) rubbers on friction 
(a) and ane of slip (b) when vibrated against a constantly renewed abrasion surface. Abscissa for upper is 
friction, kg-m, and for lower is rate of slip in percent Ordinate is abrasion in em*/km. 


effect of comparatively low internal friction in SKI and NR rubbers on the 
generation of heat, which was measured by subjecting rubber stoppers to re- 
peated compression and then measuring their increase in temperature. 

The combination of high elasticity and strength, and satisfactory resistance 
to heat and oxidation, results in a high degree of fatigue endurance* in these 
rubbers. 


* Analyst's note: See Table IV for explanation of “fatigue endurance”’. 


3 
— 
i. 
— 


7 


zz ital 68 801 6¢ Do B YY 
uorssasdwoo pajypadas sapun uoynsauab 
Il ZI 91 ze ee Burxoy A 
or 8% 1% 61 6% Ll SUOTZBIGIA 991] 
€I 6 8 Zt 91 aolAep Buryooy 
9 Zit 06 82 OF Ll 61 /3¥ P, 
snynpow 
= Il — Le 62 cI ol Burxay 
or 08 09 lt SI ZI SUOTPBIQIA 991] 
qrun 
8 LEI OL og 6% 0z Suryooy 
SII Ze cI cI 6 8 wnjnpued 
snpnpow 
& 


GNV VOE-SMS ‘UN ‘TMS 40 Saltuadoug OINVNAG 


4 
a 


RUBBER CHEMISTRY AND TECHNOLOGY 


CKH HK 


Conpomubrenue paspoly 


S520 30 5020 60 
Codepmwanue xananonou camu, bec 
Fie. 13.—Thermal oxidation resistance of SKI and NR rubber containing various quantities of channel 
black. Abscissa is amount of channel black, in parts by weight. 1—under normal conditions; 2—after 


aging for 72 min at 100°C. Upper left is tensile strength, kg/cm*, of SKI and lower left is ultimate elonga- 
tion of SKI. Upper right is tensile strength of NR and lower right is ultimate elongation of NR. 


Samples of SKI and NR rubbers, some containing 30 parts of carbon black 
by weight and others containing no channel black at all, were tested on a 
machine built by the ‘‘Metallist’’ Plant; the results of these tests are shown in 
Table IV. Results obtained with unfilled SKI, NR and other rubbers tested 
on the ‘‘Metallist’’ Plant machine and on a dynamic relaxometer™, which effects 
repeated elongation under a constant load, are shown in Table V. Table VI 


TaBLe IV 


Fatigue ENDURANCE oF SKI anp NR Ruppers, Expressep 1n Units or Time 
(MINUTES) REQUIRED TO Destroy SAMPLES WHEN SuBJECTED TO REPEATED 
ELONGATION ON A Macuine BuILt BY THE “METALLIST’ PLANT 


Testing conditions 


Rubbers containi 


Num- Whether ; 30 parts of channe 

ber of pe black to 100 parts 

defor- Test- of rubber (by 
mation/ ing Unfilled rubbers weight) 


>6960 
>10,490 


42 
38 
Elonga- 
Ox tion 
es % min. Cc testing SKI NR SKI NR 
of 0-100 250 20 no 4113 521 2448 175 
0-100 250 100 no 526 290 
ms 0-200 250 20 no 250 77 101 53 
ie 0-200 250 20 yes 113 31 37 25 
is 0-200 500 20 no 95 30 85 26 
100-250 250 20 no >6960 >7200 10,140 
100-200 250 20 yes $1380 +7900 8730 
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TABLE V 


Fatigue Enpurance or SKI, NR anp Orner Syntuetic Ruppers EXPRESSED IN 
Units or Time (MINUTEs), Requ ‘TIRED TO DesTRoY SAMPLES WHEN SUBJECTED TO 
REPEATED ELONGATION WITH A CONSTANT TERMINAL Loap (1), AND A CONSTANT 
TERMINAL STRAIN (2) 


Testing condition 


Elonga- Testing 
ol tion temper- 
elong- (from-to), ature, 

°C 


1500 
73 
4 14 


Note: — on fatigue efficiency of SKS-30A, SEK, chloroprene and butyl rubbers obtained from V. G. 
Epshteyn and B. K. min. 


compares the fatigue endurance of breaker-type rubbers from NR and SKI 
containing “burner’’ black, under varying magnitudes of flexing. 

The tests were made at an operating cycle of 0.1 j/cm* and at temperatures 
close to those existing in the breaker zone of an operating 260—20 tire made from 
NR and SKI, and run on an “‘IPZ-1"" machine (a drum with 20 mm cleats) at 
the rate of 50 km/hr with a 1550 kg load. 

Data in Tables IV, V, and VI indicate that when subjected to the most di- 
verse types of repeated deformations the fatigue endurance of SKI rubbers is 
similar to that of NR rubbers. 


VI 


Fatigue EnpurANCE or SKI anp NR Breaker Rupsers, ContTaIninc “BURNER” 
Buack, Unper Back-anp-FortH VARIABLE FLEXING 


en properties Surface Amplitude Fatigue 
rubbers, kg/cm? temp. of of defor- efficiency in 
samples, mation, millions of 
2G % eye 


83 28 9.0 
74 25 10.7 
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SKI RUBBER, A NEW POLYISOPRENE * 


S. A. Suppotin, V. V. Samoterova, AND A. K. ZNAMENSKAYA 


Autu-Unton Researcu Institute or Syntuetic Rusper 


It is known that the industrial synthesis of general purpose rubbers has 
been accomplished and has been developing on the basis of the use of divinyl 
as the starting monomer, taken either in the pure state (sodium-divinyl rubber) 
or in mixture with another monomer—styrene (divinylstyrens rubber). How- 
ever, synthetic polymers of isoprene have, to this day, found no practical ap- 
plication despite the fact that natural rubber (NR) is a polyisoprene and the 
first samples of synthetic rubber were obtained from isoprene. This is ex- 
plained by the circumstance that, up to the present time, it was not possible 
to synthesize an isoprene or a copolymer-isoprene rubber which would have 
substantially improved properties over a similar rubber obtained on the base of 
divinyl]; in addition isoprene is a less plentiful raw material than divinyl. 

Diviny] rubbers differ from natural rubber not only in their microstructure 
but also in the chemical nature of the link of the polymer chain; and still, with 
time, they successfully replaced natural rubber in the production of a large 
number of rubber goods. At the same time, due to various new properties 
possessed by the divinyl rubbers, their application led to the improvement in 
the quality of certain goods and, in many cases, to a simplification and reduc- 
tion in cost of production of the latter. 

Nevertheless even the most modern general purpose commercial rubbers, 
which are obtained from divinyl, possess various substantial shortcomings in 
comparison with natural rubber. The most significant shortcoming of the 
divinyl rubbers is their reduced elasticity. This shortcoming is especially 
significant all the more, since rubber mixes with these rubbers as a base must, 
because of their low strength, be prepared with a large content of carbon black. 
For this reason such rubbers cannot serve as an equivalent substitute for 
natural rubber in carcass and breaker rubbers for tires, especially truck tires, 
and in the manufacture of various technical and also household, highly elastic 
goods. 

At the All-Union Research Institute of Synthetic Rubber (VNIISK), the 
staff has, under the direction of A. A. Korotkov, accomplished the synthesis of 
isoprene rubber of a new type’, which has been given the abbreviated designa- 
tion SKI. Starting in 1955, various brief communications have appeared in 
foreign journals, from which it follows that methods have been developed in the 
US for the preparation of isoprene rubber with a structure and properties close 
to natural rubber (see, for example, F. W. Stavely, Rubber World 133, No. 1, 83 
(1955) ; Rubber Age 76, No. 4, 588 (1955) ; 78, No. 1, 99 (1955)). According to 
A. A. Korotkov, K. B. Piotrovskil, and D. P. Feringer, the polymer chains of 
SKI contain 90-95% links joined in the position 1,4 and only 5-10% links joined 
in the position 1,2 and 3,4. According to K. V. Nelson and I. Ya. Poddubnil, 
the predominant portion of the 1,4 links in the SKI is in the cis form, while the 


* Translated from Khimicheskaya Prosyshlennost (Chemical Industry), No. 7, October-November 1956, 
Moscow, pages 21-23, 
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side groups consist primarily of 3,4 links (6-7%). Because of the absence of 
acetonylacetone in the decomposition products of the ozonides of SKI, A. I. 
Yakubchik, 8. K. Zykona, and V. M. Vlasova established that the 1,4 links in 
the molecular chain of SKI, just as in natural rubber, are joined to each other 
only in the position 1,4-1,4 (“‘head to the tail’). It is known that the molecu- 
lar chains of natural rubber are almost entirely built of cis-1,4 links which are 
joined to each other in the position 1,4-1,4. Thus SKI is very close to natural 


Taste I 
CoMPARATIVE Properties oF SKI anp NaturaL RUBBER 
1 


Natural rubber 


Black Unfilled Black 
mix mix mix* 


Strength characteristics : 
Modulus, kg/cm?: 

at 300% elongation 25-30 

at 500% elongation 
Resistance to rupture, kg/cm* 
Relative elongation, % 
Residual elongation, % 
Resistance to rupture, kg/cm? 
Relative elongation, % 
Resistance to rupture, kg/cm? 
Relative elongation, % 
Resistance to tear, kg/om? 

mic elastic ae 

Elasticity against rebound on KS pendulum**, % 


Elasticity against rebound (Schaub), % 
Dynamic modulus of elasticity**, kg/cm? 
Modulus of friction, 10dn/em? 


Temperature during repeated compression, ° C: 

Constant deformation (40%) 

Constant load (177 kg) 74 88 75 92 
Temperature during sign-changing bending***, ° C J 25.5, 66 25.3, 126*"* 
Strength characteristics after aging at 

100° for 48 hrs: 
Resistance to rupture, kg/cm? 220-270 
Relative elongation, % 850-900 650-750 
h characteristics after aging at 100° 
for 72 brs: 
Resistance to rupture, kg/cm? 
Relative elongation, % 
Coefficient of frost resistance during 
100% stretch 0.5-0.6 0.8-1.0 


* Mix contains 30 weight parts of channel black per 100 weight ig of rubber. 
** According to Ye. V. Kuvshinskil and Ye. A. Sidorovich (VNIISK). 

*** The second figure is the elongation in %. 

* Run of this specimen—180 min; others—360 min. 


rubber in its molecular structure. It was shown by I. Ya. Poddubnii, Ya. G. 
Erenbury, and V. G. Nazarov that SKI is close to natural rubber also in its 
molecular-weight distribution. 

L. A. Chernikina and B. K. Karmin (All-Union Research Institute of Tire 
Industry) have established, on the basis of x-ray analysis that SKI has the 
capacity to crystallize during stretching. Later, the capacity of SKI to 
crystallize was established also by M. P. Votinov (Leningrad Polytechnic 
Institute, M. I. Kalinin) on the basis of the Joule effect which was observed 
during the stretching of vulcanizates of SKI. However, in view of the some- 
what lesser regularity of the structure, SKI crystallizes with a noticeable speed 
only during greater elongation than that required for natural rubber. 


4 
Tem- 
pera- 
ture SKI 
of 
test, Unfilled 
mix 
15 33 
35 107 
) 260-330 325-400 
50 800-850 750-850 
10-12 30-38 a 
0 240 220 
00 900 900 
180 
0 _ 950 
130-150 
82 58 2 
100 89 74 88 61 a 
20 62-70 50-55 69 50 a 
100 67-79 58-64 74-76 _ i 
20 23 52 21 83 b 
100 21 43 21 48 a 
20 188 1000 216 2300 : 
100 127 675 142 1200 
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The closeness of the structures of SKI and natural rubber determines the 
large similarity of their mechanical properties; however, since these rubbers are 
not identical, certain differences are observed ip their properties; according to 
some characteristics, SKI is inferior to natural rubber, while according to 
others, it is equivalent to or excels it (Table I). 

It is seen from Table I that SKI, as with natural rubber and other crystal- 
lizing rubbers, has a high resistance to rupture in an unfilled mix; besides, as 
regards the strength limit calculated on the basis of the original cross-section of 
the test specimen; for both unfilled and carbon black vulcanizates, the best 
specimens of SKI are on a level with natural rubber. At the same time, vul- 
canizates of SKI have a considerably much higher relative elongation than 
vulcanizates of natural rubber. For this reason, the true strength of SKI is 
much greater than that of natural rubber. 

In passing, it is necessary to point out that the strength characteristics of 
rubbers made of SKI as well as of natural rubber depend to a great extent on 
the composition of the sulfur-accelerator system therein and on the conditions 
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of their vulcanization. Resistance to rupture of SKI in a simple mix of rubber 
+ sulfur is about 200 kg/cm*. The use of organic accelerators makes it 
possible to increase the resistance to rupture of unfilled mixes of SKI up to 
300 kg/cm? and higher and that of carbon black mixes (mixes with channel 
black) on the average up to 350 kg/cm’. 

Along with a much higher relative elongation, vulcanizates of SKI have a 
considerably much lower modulus than vulcanizates of natural rubber. This is 
distinctly seen also from Figure 1 which shows typical force—elongation curves 
for unfilled rubber of SKI and of NR. Much lower values of the modulus, as 
well as a greater relative elongation, characterize a much greater elasticity of 
the rubber under static conditions. For this reason, the valuation of SKI and 
NR on the basis of these properties tends to favor the synthetic rubber. 

At the same time, vulcanizates of SKI have high dynamic elastic properties. 
On the basis of indications of elasticity against rebound, dynamic modulus of 
elasticity, and modulus of friction, both at room and higher temperatures, SKI 
in an unfilled mix is practically equivalent to NR, while in a carbon black mix, 
it has a distinct advantage over it (the modulus of friction characterizes the 
absolute losses in rubbers which operate under conditions of constant deforma- 
tion). From the results of tests of repeated compression (under constant load 
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and constant deformation) and repeated sign-changing bending, it can be seen 
that unfilled vuleanizates of SKI are characterized by practically the same heat 
formation, while carbon black vulcanizates are characterized by a noticeably 
smaller heat formation than similar vulcanizates of natural rubber. Thus, the 
cited data show that, on the basis of the total complex of elastic properties, 
SKI exceeds to a certain extent even natural rubber. 

By comparing the examined properties of SKI and NR in connection with 
their structures, one must come to the conclusion that the known disturbance 
of the regularity in the build up of the polymer isoprene chain can impart to the 
synthetic polymer much higher strength and elastic properties than the cor- 
responding properties of natural rubber. 

However, on the basis of certain other mechanical properties SKI is inferior 
to NR. Thus, SKI, both in an unfilled as well as in a carbon black mix, has a 
much lower resistance to tear. A iurther substantial shortcoming of SKI is its 
much lower temperature resistance (retention of strength characteristics at 
increased temperatures). But here, it is necessary to point out that, in the 
presence of carbon black, the temperature resistance of SKI improves, while 
the temperature resistance of natural rubber, on the other hand, decreases. 
For this reason, in a carbon black mix, the temperature resistance of SKI is 
below that of natural rubber to a smaller extent than in an unfilled mix. 

It is also necessary to point out that resistance to tear and temperature 
resistance of SKI depend on the conditions of its preparation and, at the 
present time, ways of improving the indicated properties of this rubber are 
being projected. It is obvious that the lower resistance to tear and tempera- 
ture of SKI are explained by its smaller, in comparison with NR, capacity to 
crystallize. Consequently, in this case, the insufficient regularity in the 
structure of the SKI plays a negative role. 

Due to the increased content of 1,2—3,4 links in the polymer chain of SKI, 
it has a somewhat higher temperature of vitrification (on the average —68° 
against —70° for natural rubber) and a somewhat lower coefficient of frost 
resistance, especially at a much lower temperature. Nevertheless, in view of 
the lesser crystallizability, SKI is more suitable than natural rubber for the 
manufacture of certain frost-resistant goods. 

+ On the basis of heat resistance (resistance to thermal aging), SKI in unfilled 
mixes is practically equivalent to NR while in carbon black mixes, it exceeds 
NR considerably. 

SKI differs from natural rubber in its technological (working) properties. 
Thus, unvulcanized mixes of SKI have a lower strength and adhesiveness than 
mixes of NR; unfilled mixes of SKI are not calendered and sprayed satisfac- 
torily. Thus, on the basis of these properties, SKI is similar to ordinary syn- 
thetic rubbers obtained from divinyl. However, as distinct from the latter, 
SKI has a noticeably expressed capacity for rolling during mechanical working. 
In addition, SKI has a considerably smaller shrinkage than divinyl rubbers. 
At the same time, during working under ordinary conditions, SKI is spread 
worse in mixes with channel black than are divinyl rubbers. In order to obtain 
such mixes of SKI with good working properties, it is necessary to roll it and 
use special softeners. 

Despite the existence of the various indicated shortcomings of SKI, it can 
be assumed that, as a result of broad investigations presently being carried on 
in order to improve the quality of the polymer as well as to perfect the technique 
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of its processing, the use of SKI will, in the final analysis, make possible suc- 
cessfully replacing NR in all goods in which the latter still retains advantages 
over synthetic rubbers. 

In conclusion, it is necessary to point out that the fact of the synthesis of 
this new type of isoprene rubber is not only of great practical interest but is 
also of exceptionally important significance for the further development of the 
entire field of rubber synthesis, because the ways of creating rubbers equivalent 
to natural rubber as regards the complex of elastic properties have remained 
unknown up to now. 
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THE MUTUAL SOLUBILITY OF POLYMERS. 
PHYSICOMECHANICAL PROPERTIES OF 
STOCKS PREPARED FROM A MIXTURE 

OF POLYMERS * 


N. F. Komskaya AND G. L. Stontmskii 


InsTITUTE OF THE Tire INDUSTRY, Moscow, USSR 


In recent years the use of mixtures of different polymers for the production 
of parts having a desired combination of properties not found in pure polymers 
has grown steadily. Thus the aecessity has arisen for a detailed study of the 
properties of polymer mixtures and for the formulation of theoretical principles 
which would enable one to make a deliberate choice of mixed polymers for the 
solution of practical problems. The aim of our work was to study the basic 
principles underlying the mixing of polymers, using a mixture of rubbers as an 
example. Besides this, the study of the relation between the mechanical prop- 
erties of rubber stocks and the type and proportions of the mixed rubbers is of 
great practical and theoretical interest. 

It is known that rubbers are liquids, and that a solution of them in a low 
molecular weight solvent can be considered, thermodynamically speaking, as a 
mixture of two liquid phases'. It is quite clear that the mixing of two amor- 
phous polymers, and in particular of two rubbers, should likewise be considered 
as the mutual solution of two liquid phases. An essential feature of such sys- 
tems is the very high viscosity of both components of the solution (the polymer 
mixture), which brings about some very unusual effects resulting from the 
chain structure of the large polymer molecules. The study which we made 
earlier? of the properties of mixtures of two polymers, and also of cured stocks 
prepared from such mixtures, showed the accuracy of this approach to the 
process of polymer mixing, and made it possible to clarify the basic principles 
of mutual solubility of amorphous polymers. Measurements of the heats of 
mixing of polymers with one another, which were made* for many pairs of 
polymers, confirmed this conclusion and made it possible to understand the 
nature of the mutual solubility of polymers in relation to the chain structure of 
their molecules. In line with the ever-increasing interest in the problems of 
mixing polymers, which is revealed in the increasing number of papers devoted 
to this question‘, we have found it necessary to publish a more detailed presenta- 
tion of our results, since our earlier work® is not widely available. 

Samples for testing and their preparation——The rubbers chosen for this re- 
search, differing in their chemical composition and structure, were as follows: 
natural rubber, polybutadiene rubber (SKB), butadiene-styrene rubbers (SKS- 
30 and SKS-10) and butadiene-nitrile rubber (SKN). Each rubber was studied 
both individually and in combination with each of the other rubbers. The 
recipes chosen for the rubber stocks were typical, with a content of 50 parts by 
weight of channel black on 100 parts of rubber (or the mixture of rubbers) and 
all with the same type of curative system, containing sulfur and Captax. 


* Translated for Russer Cuemistry AND TecHNnoLocy by Malcolm Anderson from Zhurnal Fizich- 
eskot Khimit 30, No. 7, 1529-1536 (1956). 
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The stocks were mixed on a rubber mill in two stages. First all the ingre- 
dients were added to each rubber separately. Then the masterbatches thus 
obtained were weighed out in the necessary proportions and were mixed to- 
gether on a rubber mill for 15 minutes. Such a method of preparing the mixed 
stocks insured the most complete and uniform distribution of the ingredients 
in the rubbers and a mutual mixing of the latter. 
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Fic. 1.—Plastic-elastic properties of combined uncured rubber stocks. /—SKS-30 +SKB; 2— 
SKS-30 + natural rubber; 3—-SKS-30 + SKS-10; 4—SKB + natural rubber. Solid lines—recovery 
value; broken lines—Defo number. The abscissa represents the proportions of the rubbers in per cent ; the 
outer or/u.ate represents the Defo number, the inner one the recovery figure. 


The mixed rubbers, i.e., the uncured rubber stocks prepared from a base of 
the combination of rubbers, and the cured stocks obtained from these were all 
tested. The present work gives the results obtained by testing such stocks 
through the usual standard methods for the physico-mechanical evaluation of 
cured and uncured rubber stocks®. 

Results —The most important control operation carried out in the process 
of preparing raw rubber stocks is the measurement of plasticity and recovery 
values. The corresponding characteristics (Defo numbers and recovery 
values) are given in Figure 1 in relation to the proportions of the rubbers in the 
stock. As the figure shows, mixtures of SKS-30 and SKB rubbers in certain 
proportions have higher Defo and recovery values than rubber stocks contain- 
ing only a single rubber (the outside points on the curves correspond to rubber 
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stocks prepared from one type of rubber and with the same added ingredients). 
This indicates that the mixing of SKS-30 and SKB rubbers causes a rise in the 
elastic properties and a decrease in the plasticity. It is interesting to note that 
while the properties of all the other mixtures change in relation to the propor- 
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Fie. 2.—Physicomechanical characteristics of the combined cured stocks. 1—Tensile strength; 2— 
relative (per cent) elongation at break ; 3—permanent set ; 4—tear resist  & dulus at 200% elonga- 


tion ; 6@—modulus at 300% elongation. The abscissas represent the proportions of the rubbers in per cent; 
the first ordinates at left represent the tear resistance in kg/cm, the second the permanent set in per cent, 


the third the per cent elongation at break, the fourth the tensile strength in ke/oms; i the modu- 


lus of elasticity in kg/em*. ‘‘HK" = “natural rubber’, “CKC” = “SKS 
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Fie, 3.—Physicomechanical characteristics of combined cured stocks. 1—Tensile strength; 2—per cent 
elongation at break ; 3—permanent set ; 4—tear resistance ; 5—modulus at 200% elongation ; 6—modulus at 
300%, elongation. The abscissas represent the proportions of the rubbers in per cent; the first ordinates at 
left represent the tear resistance in kg/cm, the second the permanent set, the third the per cent soueten 
at break, the fourth the tensile strength in kg/em*, and the fifth the modulus in kg/em*. “CKH"” = 
“SKN”. Also see note under Figure 2. 


tion of rubbers more or less gradually, no maximum or minimum being noted, 
the mixture of SKS-30 and natural rubber does show a maximum on the curve 
of the relation between recovery value and proportion of rubber. 
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The standard criteria used for evaluation of the quality of vulcanizates are 
tensile strength, per cent elongation at break, permanent set, tear resistance, 
modulus of elasticity and dynamic flex life (flex resistance). The correspond- 
ing data for a series of systems are given in Figures 2-4. It is evident from a 
consideration of the figures that the cured stocks prepared from a combination 
of SKS-30 and SKB, as well as of SKN-18 and SKB, exhibit a characteristic 
peculiarity in the relation between their mechanical properties and the pro- 
portions of the rubbers in them. This peculiarity is the appearance of minima 
or maxima in the curves of these relations. This feature also appears in a 
much weaker form in cured stocks prepared from a mixture of SKN-18 and 
SKS-30. Thus it appears that the mixing of the rubbers mentioned causes a 
drop in tensile strength (as related to the true cross-section area at the moment 
of break), per cent elongation at break, tear resistance and permanent set, and 
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4.—Flex resistance of combined cured stocks. a: /—SKS-30 + SKB; 2—SKB + natural rubber; 
3—Si8-30 + natural rubber; 6: /—SKN-18 + SKB; 2~-SKN- 18 + SKS-30; 3—SKN-18 + natural rub- 


ber. The ordinate is the number of myi a ary and the abscissa the ogee tee of the rubbers in per cent. 
The upper scale of the abscissa is for SKN-18 and the lower for “other rubber’ 


a rise in the moduli at 200% and 300% elongation. However, in cured stocks 
prepared from combinations of natural rubber with SKB, natural rubber with 
SKS-30, natural rubber with SKN-18 and SKS-10 with SKS-30, no such 
anomalies are observed. 

A consideration of Figure 4 a, and 6b, shows that, in the case of the systems 
SKB and SKS-30, SKN-18 and SKB, SKN-18 and SKS-30, and SKN-18 and 
natural rubber, the flex-resistance of the combined stocks passes through a min- 
imum as the proportions of the rubbers change. However, in the systems SKB 
and natural rubber, and SKS-30 and natural rubber, this type of anomaly is not 
observed. It is evident from the data given that the maxima and minima in the 
curve of property vs composition are most clearly revealed in stocks prepared 
from a combination of SKB with SKS-30 and SKB with SKN-18. The anom- 
alous properties of the mixture of the nonpolar rubber SKB with the polar 
rubber SKN-18 should, of course, be attributed to the sharp difference in the 
character of the intermolecular reactions; but the appearance of this type of 
anomaly in mixtures of two nonpolar hydrocarbons—SKB and SKS-30—is 
unexpected and very interesting. 
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mechanical properties of combined cured stocks (mixtures of SKS-30 with SKB). In a: /—vil black; 2 
lamp black; 3—mixture of oil and channel black; 4—furnace black; 5—channel black; 6—kaolin. In b: 
1—Altax and diphenylguanidine in SKS-30 + Captax in SKB; 2—thiuram in SKS-30 + Captax in SKB; 


oe Fic. 5.—Effect of: a (upper left)—fillers, 6 (upper right)—accelerators, ¢ (lower)—softeners on the 


AN 
AN 
/ 
54 
Bs 
a 
100 


MUTUAL SOLUBILITY OF POLYMERS 55 


It was necessary to find out upon which factors the above-mentioned anom- 
alies in the properties of rubber stocks depend. For this purpose we have 
studied the effects of various technological and compounding factors. It might 
have been conjectured that the rubber was simply not well mixed, and that this 
caused the anomaly. Various fillers, accelerators and softeners were tried out 
for the purpose of improving the mixing of SKS-30 with SKB. 

The use of fillers with varying reinforcement powers (channel black, oil 
black, lamp black, furnace black and combinations of these, as well as the 
mineral filler kaolin), as Figure 5a shows, do not change the basic anomaly 
observed in mixtures of SKS-30 with SKB. The maximum of the per cent 
elongation at break and the minimum of the modulus of elasticity at 300% 
elongation are visible in the curves of these properties vs the proportion of the 
rubbers, for all types of fillers used. The effect of the filler is revealed only in 
the change in the absolute values of the properties, and not in the nature of the 
relation. One must also bear in mind that a change in the channel black load- 
ing (in the range from 50 to zero parts by weight) also does not eliminate the 
anomaly in question, but has an effect on its magnitude; the anomaly becomes 
more pronounced with an increase in the carbon black loading. 

Figure 5, b and c, shows that a change in the type of accelerator and softener 
does not cause a disappearance of the anomaly, although it does have an effect 
on the absolute values of the properties. We have also made a study of the 
influence of various technological factors (the mixing conditions), which also 
gave analogous results. 

From all these data we may draw the conclusion that the anomalous rela- 
tion between the properties and the proportion of the rubbers, which we have 
observed in cured stocks prepared from a base of a combination of SKS-30 and 
SKB, is governed by the properties of the rubbers themselves, and not by the 
ingredients nor the conditions of preparation of the stocks. 

It was also essential to test stocks prepared from a base of SKS-30 combined 
with polybutadiene rubbers which were polymerized in different ways. For 
examples of such rubbers we used SKB, SKV, DB-2 and SKBM. Figure 6 
gives the results of measurements made on mixtures of SKS-30 with these poly- 
butadiene rubbers, and also with SKS-10. The figure shows that the anomaly 
of the systems SKS-30 + SKB is characteristic of any combination of SKS-30 
with polybutadiene rubbers, but is not seen in combinations of any two buta- 
diene-styrene rubbers (SKS-30 + SKS-10). Further testing of the properties 
of rubbers prepared on a base of a combination of different polybutadiene rub- 
bers with one another also failed to reveal any such anomaly in stocks of the 
same type. 

Thus, rubbers of the same type when mixed together exhibit no such basic 
change in the properties of the stocks as are obtained from mixtures of buta- 
diene-styrene rubber with polybutadiene rubber. Since the anomaly noted is 
not observed in mixtures of rubbers of the same type, but is clearly exhibited 
in many cases where a polar rubber is mixed with a nonpolar one, it is logical 
to assume that this anomaly is related to the mutual solubility of the mixed 
rubbers. A good mutual solubility facilitates the formation of true solutions 
of one polymer in the other, which results in a steady change in the properties 


8—thiuram in SKS-30 + Altax in SKB; 4—Altax in SKS-30 and in SKB; 5—sulfenamide BT in SKS-30 
and in SKB; 6—Captex in SKS-30 and in SKB. Inc: /—=stearic acid; 2—without softener; 3—oleic acid; 
4—tubrax ; 5—vaseline oil; 6—black oil; 7—polydiene. The abscissa represents the proportions of the rub- 
bers in per cent (lower scale is for CKB, upper scale is for the particular SKS rubber, CKC = CKC); the 
pe a= saa represents the per cent elongation at break, the inner one the modulus at 300% elongation 
in ‘em?, 
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as the proportions of the rubbers change. In the case of limited mutual solu- 
bility of the polymers, however, rubbers mixed by force on the mill rolls cannot 
separate into two phases in macroscopic amounts by reason of the prohibitively 
high viscosity of the uncured stocks, but instead these separate into phases 
only in extremely small volumes. The micrononhomogeneous uncured rubber 
stock which is obtained becomes fixed in this condition during vulcanization. 
One characteristic of the structure of such micrononhomogeneous stocks is also 
revealed, in our opinion, by the anomalous properties pointed out above. 
From this viewpoint it is easy to understand (as being the result of the non- 
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Fie. 6.—Mechanical properties of cured stocks eqapeiaing of mixtures of SKS-30 with different polybuta- 
diene ei and with SKS-10. 1—SKBM; 2—DB-2; 3—SKV; 4—SKB; 5—SKS8-10. Solid line— 
per cent elongation at break; broken line—modulus at 500% elongation. | he abscissa represents the 

roportion of the rubbers in per cent; the outer ordinate rep the lus at 300% elongation, the 
inner one the per cent elongation at break. 


homogeneous distribution of stresses and deformations in micrononhomogeneous 
stocks of this type) the decrease in tensile strength, in the per cent elongation 
at break and in dynamic flex life, as well as the increase in the elastic properties. 

The size of the nonhomogeneous portions should be very small because of 
the fact that the microregions of different composition (the different phases) 
are found to be connected together, forming a whole, by long chain molecules 
which pass through several such regions. Evidently this is the special feature 
of the mixing of two polymers which are mutually soluble to only a limited 
degree. 

From our data it must be concluded that SKB and SKS-30 when combined 
in one stock give a micrononhomogeneous stock. A detailed consideration of 
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this unexpected conclusion, based on further physico-chemical testing, will be 
given in subsequent reports’. 

In conclusion it must be emphasized that even polymers with good mutual 
solubility can be prepared in the form of a nonhomogeneous system if the mix- 
ing is not done carefully enough, while polymers of limited solubility may be- 
come fixed (e.g., by vulcanization in the case of rubber) in some nonequilibrium 
condition of the raw stock. Hence it is to be expected that through some 
special processing one would probably be able to create or remove the anomalies 
which we have observed in the properties of combined cured stocks. From our 
viewpoint it is important that such combined stocks, prepared under conditions 
where a thermodynamic equilibrium is achieved (in microregions) do in fact 
display the distinctive properties described above, which are related to their 
mutual solubility and to the chain structure of the molecules. This should be 
taken into consideration both in the practical applications of mixed polymers 
and in the theoretical study of solutions of one polymer in another. 


CONCLUSIONS 


1. The mixing of rubbers (or of any amorphous polymers) may be consid- 
ered as a mutual solution of two liquid phases, conforming to thermodynamic 
laws. 

2. The stocks studied, which were prepared from a base of a combination of 
different rubbers, fall into two groups as regards the nature of the relation be- 
tween their mechanical properties and the proportions of the mixed rubbers. 
The opinion was expressed that the anomalies observed in the properties of 
combined stocks prepared from a mixture of SKS-30 and SKB are due to the 
micrononhomogeneous two-phase structure of such stocks. 

3. It was shown that the properties of combined stocks are governed pri- 
marily by the behavior of the mixed rubbers themselves, and not by the in- 
gredients incorporated into the stocks. 

4. The compatibility of two polymers should be considered from two points 
of view. A macroscopic compatibility can almost always be achieved, pro- 
vided that the polymer can be converted to the fluid state. However, com- 
patibility in microregions, i.e., the mutue! solubility of polymers, is determined 
by their thermodynamic properties and inay not coincide with macrocompati- 
bility. The reason for the discrepancy between macro- and microcompatibility 
is the chain structure of the polymer molecules, and the resulting large viscosity 
of polymers which have a high mobility of small segments of the flexible chain 
molecules. 
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MASTICATION. V. SEPARATION AND STRUCTURAL 
INVESTIGATION OF NATURAL RUBBER- 
POLYMETHYL METHACRYLATE 
INTERPOLYMERS FORMED 
BY MASTICATION * 


D. J. ANGIER AND W. F. Watson 


British Russer Propucers’ Researcn AssoctaTIoN, 
Wetwyn Garpen City, Herts., ENGLAND 


Polymers in a rubbery state are frequently milled or masticated in an 
internal mixer to admix other materials and/or to degrade the polymer. The 
degradative reaction is mechanically induced rupture of the polymer molecules 
to free radicals'?. In the absence of oxygen and other terminating compounds, 
these radicals initiate the polymerization of monomers incorporated in the 
rubber*®. The products formed by masticating the system, natural rubber- 
methyl methacrylate, have been examined in order to determine the structure 
of the interpolymer and the factors controlling its yield and segmental lengths. 


EXPERIMENTAL 


Materials——The natural rubber was acetone-extracted deproteinized 
crepe’ of limiting viscosity number, [m], of 385 ml g™' benzene. Methyl 
methacrylate (Kallodoce of I. C. I. Ltd.) was washed with 10 per cent aqueous 
sodium hydroxide and distilled water and dried over sodium sulfate. 

Mastication——The small laboratory masticator and the handling of the 
rubber-monomer and rubber-polymer mixtures have been described previ- 
ously**, 

Osmotic molecular weight measurements—Number average molecular 
weights were obtained from osmotic pressures of benzene solutions recorded in 
Zimm-Meyerson Osmometers® fitted with Ultra-cella-filter finest-grade mem- 
branes (Membranfiltergesellschaft, Géttingen). Duplicate osmotic pressures 
for at least three concentrations in the range 0.2-1.0 g/100 g benzene were 
made and occasionally checked in different osomometers. 

Linear 1/c versus c curves were obtained with the homo- and interpoly mers, 
from which yu values® for the latter were calculated from the formulas: 


m/c = RT(A + Bc) and B= (} — p)(wara + 


where Wa, wp, and v,, » are the weight fractions and specific volumes, respec- 
tively, of the two polymeric components of the interpolymer and V, is the 
molar volume of benzene. 

Limiting viscosities in benzene solution were determined by conventional 
means’. The relationship M, = 2.81 X 10° [»]' was empioyed to give values 
of number average molecular weight for the unfractionated polymethyl meth- 


* Reprinted from the Journal of Polymer Science, Vol. 25, Issue No. 108, pages 1-18, June 1957. 
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acrylate’; the osmotic molecular weight of a sample of uncombined plastomer 
after mastication, 275,000 and its limiting viscosity number, 95 ml g~', were in 
agreement with this relationship. The relationship [y] = 5.55 X 
for unfractionated masticated rubber*® was employed to give approximate mole- 
ular weight values for the uncombined rubber and free rubber produced by 
autoxidation of the interpolymer. 

Ozonolysis (in collaboration with Dr. D. Barnard®).—The rubber segments 
but not the plastomer from interpolymer were ozonized by using little more 
than the theoretical quantity of ozone for the rubber and adding di-n-buty] 
sulfide as a material of intermediate reactivity with ozone to protect the plasto- 
mer. Isolation of about 90 per cent of the polymethyl methacrylate was 
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Fie. 1.—Separation of the polymeric products obtained after ticating natural rubber containi 
38.5% methyl methacrylate to 97% conversion: (@) fractional precipitation by methanol from 10 ml o! 
1% nzene solutions; (@) fractional precipitation by acetone; (() fractional precipitation by methanoi 

ter removal of free rubber; (---) fraction extracted by petroleum ether. 


achieved, but as the fraction which was not precipitated was of low molecular 
weight, the viscosity-molecular weight relationship used gave an overestimate 
of the lengths of the originai plastomer. 

Autozidation.—0.5 g/100 ml of isolated interpolymer was maintained at 
60° C in benzene with bubb!ing of oxygen for 4-8 hours. The benzene was 
evaporated off under reduced pressure and the dried polymer suspended in 
petroleum ether to extract the free rubber produced by oxidative scission. The 
weight fractions and viscosities of the free rubber were measured. 


RESULTS 


Separation of uncombined polymers and interpolymer.—Fractional precipita- 
tions of 1 per cent solutions of degraded natural rubber and polymethyl! meth- 
acrylate in benzene by methanol gave quantitative separation to within 2 per 
cent of the polymers, with a wide gap in titer between the end of the rubber pre- 
cipitation and the onset of the polymethyl methacrylate precipitation”. Com- 
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plications, however, arose on attempting to separate similarly the products of 
mastication, a typical precipitation curve for which is given in Figure 1. No 
precipitate settled out up to point D without centrifuging, and reproducible 
amounts of precipitate required centrifuging at 20,000 g for >10 minutes. 
From the onset of precipitation, the solution became progressively more turbid 
until coagulation at Z, the same solvent composition as reported for coagulating 
natural rubber-polymethyl methacrylate graft polymer”. A further fraction 
FG precipitated after a distinct gap in titer of clear solution EF. The frac- 
tions precipitated were reproducible to within +3 per cent for separately 
masticated samples. 

Elemental and infrared analyses showed the third fraction FG to be >98 
per cent polymethyl methacrylate. The secand fraction BE, which precipi- 
tated in the intermediate range between the two polymers of a simple mixture, 
contained different proportions of rubber and polymethyl methacrylate depend- 
ing upon the masticated sample being analyzed. 


Taste I 


SEPARATION AND ANALYysis Data or Fraction AB FROM 
DirrerRENtT MAsTICATION Propucts 


Fraction AB 
Milling conditions 
% Speed, e ime, i bined 
monomer rpm min pMM rubber 


23.8 


8 
5 
5 
4 
5 
5 
5 
4 


23 

38. 
48. 
55. 
38. 
38. 
38. 
55. 


The first fraction AB also contained significant proportions of polymethyl 
methacrylate (Table I) and so could obviously not be taken as a satisfactory 
separation of free rubber, as might have been suggested by precipitation of the 
uncombined polymers and the three steps in the precipitation curve of Figure 1. 
Acetone as precipitant gave the same content and composition of the fraction 
precipitated. The same fraction was precipitated by acetone from toluene 
and pyridine as from benzene solution. 

A few per cent of polymer could be centrifuged out of the sol between the 
first and second fractions (Figure 1). Though only little outside experimental 
error, the slight increase in precipitate was shown to be real by a change from a 
transparent film on drying down the sol at B to an opaque film on drying down 
the sol at C. This increment of precipitation is later included as part of the 
second fraction BE. 

Similar results were obtained on attempting to precipitate only free poily- 
methyl methacrylate from benzene solutions by petroleum ether. Precipita- 
tion was quantitative from simple mixture with rubber, but included a rubber 
component from masticated mixtures. 

Simple extraction procedures overcame the inadequacies of fractional pre- 
cipitation. Suspension in 60-80° b.p. petroleum ether and acetone leached 
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out pure rubber and polymethyl methacrylate, respectively, from the products 
of mastication and petroleum ether extracted the same amount of rubber AK 
from the fraction AB of Figure 1 as from the whole product. The quantity of 
polymer extracted reached a constant value after 4 days at room temperature. 
The free rubber content increased slowly on longer standing and raising the 
temperature of undegassed solutions but remained constant for degassed solu- 
tions. 

To test that free rubber and polymethyl methacrylate were completely 
extracted from the masticated mixtures, different proportions of rubber of 
high molecular weight and polymethyl methacrylate (A) were blended with 
portions of a masticated sample (B). The mixtures were suspended in petro- 
leum ether and acetone and precipitated from benzene solution by methanol 
and acetone. The increase in extracts and in fraction 1 precipitated corre- 
sponded closely with the amounts of free polymers added (Table II). It is 
concluded, in particular, from these results that extraction by petroleum ether 
provides the free rubber content of masticated samples. 


TaABLe II 


SEPARATION OF AppED RUBBER AND PoLYMETHYL METHACRYLATE 
(PMM) By ExTRAcTION AND PRECIPITATION 


Fractional ppt 


y By 
System methanol acetone 

Mixture (A) 

Observed 

Calculated 
Mastication product (B:, observed 
Blend 2(A):1(B) 

Observed 

Calculated 
Blend 1(A):1(B) 

Observed 


Calculated 


51 
54 
42 


48 
50 


49 47 
48 48 


51 
54 
30 
44 
46 
43 
42 


After extraction of the free polymers, fractional precipitation by methanol 
gave turbid solutions but no precipitation on centrifuging up to B’ and then 
coagulation according to the curve B’D’E of Figure 1. The precipitate B’E 
gave no extract on suspension in petroleum ether and acetone. Addition of 
acetone or petroleum ether instead of methanol gave turbid solutions but no 
precipitation. When the extracted rubber was redissolved in a benzene solu- 
tion of precipitate B’E, the original curve A-E was obtained, but only on cen- 
trifuging, and acetone also gave precipitation to the BD’ level. Likewise, pre- 
cipitation of the rubber-containing component by petroleum ether did not 
occur unless free polymethyl methacrylate was present. Thus the complica- 
tions of fractional precipitation of the free polymers and interpolymer were 
caused by their cosolvation and coprecipitation. 

(The fractional precipitation of other systems indicate that these complica- 
tions generally occur with polymer-interpolymer mixtures. For example, 
polymethyl methacrylate-styrene mixtures and interpolymer prepared by the 
method of Smets and Claesen™ and by a mastication technique gave only 
ill-defined fractions on precipitating from benzene by methanol. More dis- 
tinct fractionation occurred on stepwise precipitation and centrifuging. Clearly 
separated free polymer and interpolymer fractions were obtained by stepwise 
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precipitation and centrifuging from the poorer solvents 1:1 chlorobenzene: ben- 
zene or 1: 1 acetone: benzene by petroleum ether or methanol, respectively.) 

The methods of separation available allow isolation of the whole of the inter- 
polymer by extraction of the free polymers, or its separation into two fractions 
by precipitation of fraction 1 and extraction of free rubber and “block I” inter- 
polymer, and fraction 2 as a second interpolymeric “block IL’’ fraction (Figure 
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Fie. 2.—Analysis of products at various extents of polymerization :(@) extent of polymerization ; 
tne oe peher: (©) block I (the numbers refer to the percentage of PMM in the samples) ; (() block I; 3} 


1). The importance of these alternative separation procedures lies in the op- 
portunity to cross check the content of fractions by two methods, for example, 
free polymethy] methacrylate by acetone extraction and methanol precipitation, 
block II by methanol precipitation and acetone extraction followed by acetone 
precipitation, ete. Cross-checking of fractions from 34 separations covering 
the range of conditions employed gave equal contents of fractions within the 
1-2 per cent error of each of the methods. 

The method employed depended on the objective. Although no very sharp 
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or fundamental distinction between block I and II is envisaged, block I is 
rubber-rich compared with block II (86 and 58 per cent rubber, respectively, 
in the sample of Figure 1). On varying the conditions of reaction, the yield 
and structure of these two interpolymer fractions provide insight into the 
mechanism. 

Variation of monomer concentration.—Analyses of the products after masti- 
cation of rubber with different initial monomer concentrations are summarized 
in Figure 2. The longer induction periods with greater amounts of monomer 
are attributable to lower rates of initiation by shear of the softer mixtures*. 
During the early stages, the plastomer formed mainly the block I interpolymer. 
The yield of the block II interpolymer increased rapidly during the period of 
rapid polymerization and decreased slightly near complete conversion. The 
most significant change in the relative amounts of fractionated components 
with increased initial monomer concentration is the increase in the block II 
fraction. 


III 


THREE-STAGE POLYMERIZATION OF MetTHYL METHACRYLATE BY MASTICATION WITH 
NATURAL RUBBER AND Errect of MOLECULAR WEIGHT OF RUBBER ON COMPOSITION 
or Propucts 


Fraction analysis 
A 


Time, Conversion, ‘Free Block Block 
System Stage min A rubber II 


(A) Undegraded rubber 1 10 95.4 ‘ 1 
2 1 


96.7 


3 100 
(B) 50% Undegraded rubber 
+50% Degraded rubber 94.7 
2 95.1 
100 


Fractionated rubber 


tr = 428 ( 98.3 
= 461 l 95.5 26 


Successive addition of monomer.—As at least one-third of the rubber re- 
mained non-interpolymeric after a single batch polymerization, three-stage 
polymerization was carried out to ascertain if there was a lower limit to the 
amount of rubber uncombined and to compare the proportions of the other 
fractions. (Masticating scrol ; of a different pattern to those otherwise em- 
ployed enabled mastication : © ;he unusually hard products.) The undegraded 
rubber (A) of Table III wa: f [ym] = 385 ml g™ and (B) was a 50 per cent 
mixture with degraded rubber of [y] = 110 ml g". After the first stage of 
polymerization of 2 ml monomer in 3 g rubber, 3 g of the product reimbibed a 
further 2 ml monomer and was masticated to almost complete polymerization. 
The third stage was carried out similarly. 

In the presentation of the results (Table III), the experimental values of 
the weight fractions at stages 2 and 3 have been scaled up to those for the whole 
sample by dividing by the fraction of the products taken for the mastication. 
The amount of rubber uncombined tended to q limiting value. The block I 
fraction decreased almost to zero and became richer in polymethyl methacry- 
late, and the fractions of block II and free plastomer increased during the three- 
stage polymerization. 

Effect of molecular weight of the rubber—Using rubbers (A) and (B) of 
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Table III, less uncombined rubber in the products occurred with the initial 
rubber of higher average molecular weight. This trend was confirmed by 
single-stage polymerizations using rubber of higher molecular weight obtained 
by precipitating 79 and 52 per cent of undegraded rubber from benzene by 
slow addition of methanol (Table III). 

Effect of temperature.—The only significant variation caused by a change in 
temperature of reaction from 15 to 35° C was in the period of reaction for a 
given extent of polymerization ; 95 per cent conversion required 10, 14, and 35 
min at 15, 25, and 35° C, respectively, for an initial mixture of 38.5 per cent 


To CONVERSION 


Fic. 3,—Influence of solvents in the composition of the polymerized products after mastication: free 
rubber without solvent ( QO), with benzene (@), with po wo re tetrachloride (@); block I without (@) and 
with solvent (©); block II without (G) and with solvent ((—); free PMM without (cp) and with solvent 
(©). The numbers refer to the PMM content of the samples. 


monomer in rubber*. A small increase in the minimum of free rubber at about 
95 per cent conversion was noted with increase in temperature—25, 30, and 
33 per cent for the above experiments. 

Effect of solvent dilution Addition of solvent retarded the reaction*®. The 
products after different extents of conversion of 1 ml methyl methacrylate in 3 
g rubber are compared in Figure 3 with those of 1 ml monomer and 1 ml of 
benzene or carbon tetrachloride. The nature of the solvent had little effect. 
Its addition increased the amount of uncombined rubber, reduced block I and 
increased its plastomer content slightly, decreased block II and increased its 
plastomer content, and reduced to zero the free polymethyl methacrylate. 

Effect of transfer agent.—The presence of tert-dodecy! mercaptan reduced 
the rate of conversion (Figure 4). The mercaptan increased the free rubber 
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Fie. 4.—Effect of transfer agent on polymerization rate of initially 38.5% methyl methacrylate in 
natural rubber. 0, 0.2, 0.5, 2.0, and 5.0 ml tert-dodecyl mercaptan per 100 ml monomer, respectively. The 
numbers in the figure are the viscosities of the polymeric products measured on the Wallace Rapid Plasti- 
meter’, 


and polymethyl methacrylate content and reduced their viscosities, tended to 
increase block I content, and markedly reduced that of the block II fraction 
(Table IV). 


Ozonolysis.—After almost complete polymerization of monomer in rubber 


at different concentrations and different extents of conversion for one concentra- 
tion, the products were ozonized to remove all the rubber. The recovery of 
polymethyl methacrylate and its molecular weight from the viscosity relation- 


Taste IV 
ANALYSIS AFTER MASTICATION OF INITIALLY 38.5% Mertuyt METHACRYLATE 
IN NatuRAL RuBBER IN THE PRESENCE oF tert-DopecyL MERCAPTAN 
Fraction analysis 
Free Free 
Free Block Block Free rubber PMM 
rubber PMM M.x10- Mxi0-+ 
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ship are recorded in Table V. Parallel extractions by acetone and viscosity 
measurement gave molecular weights of the free plastomer. The number of 
rubber chains cut at least once is estimated from the relations, M, = {Mo — (1 
— wy)M,;}/w, and (no. of rubber chains cut per g rubber) = Nw»/ Ms, where ws 
is the weight fraction of rubber bound, Mo and My are the molecular weights 
of the initial rubber and free (assumed residual unreacted) rubber, respectively, 
M, is the original average molecular weight of the rubber chains which have been 
degraded and bound into interpolymer, and N is Avogadro's number. 
Ozonolysis was also carried out on portions of the isolated interpolymer 
fractions from initial mixtures of 23.8 and 38.5 per cent methyl methacrylate 
taken to almost complete conversion. Other portions were reserved for osmotic 


TABLE V 
OzoNOLysis OF UNFRACTIONATED SAMPLES 


Con- 
Mono- 
mer, 


% 


23.8 
38.5 


48.5 
55.4 


molecular weight determination. The essential difference between the block 
I and II fractions is the greater length of rubber segments and shorter length 
of plastomer segments in the former (Table VI). 

Autoxidation.—Interploymer fractions were separated after monomer at 
three concentrations had been polymerized. The rubber components were 
subjected to autoxidation. The weight fractions and molecular weights of the 
free rubber produced are given in Table VII. 

Milling of rubber-polymethyl methacrylate mixtures and interpolymers.—A 
mixture of rubber and polymethyl methacrylate was prepared by shock-pre- 
cipitating a benzene solution into methanol and drying. On milling in air on 
a 6 inch diameter laboratory mill with 1 per cent thiophenol added to ensure 


TasLe VI 


Osmotic Mo.ecuLarR WEIGHTS, VISCOSITIES, AND OZONOLYSES 
oF IsoLaTteD INTERPOLYMERS 


Total interpolymer 


System 


23.8% MM, 90% conversion 
Block I 
Block IT 

38.5% MM, 97% conversion 
Block I 
Block II (a) 


(b) 
Blocks I + II 


No. 
% 
r 
recov- PMM chains cut PMM 
min % ered X1078 x10-5 
|| 7.5 98.0 68 1.35 3.54 3.83 0.85 
; 5 28.4 95 2.40 1.19 1.38 —_ 
“4 6 35.1 94 4.85 0.81 1.71 — 
7 5v.5 95 4.30 1.53 2.71 — 
10 97.8 81 3.45 2.64 4.26 3.10 
Z || 25 94.5 97 4.60 2.40 3.53 4.60 
4 60 94.0 94 660 246 362 5.25 
Ozonolysis 
ee 
: recov- M nxX M nX 
ered 10-5 10-5 {nJ 
72 1.10 4.50 0.43 355 0.35 
87 2.00 4.00 0.47 220 0.26 
86 1.10 5.10 0.43 345 0.47 
85 2.80 5.70 0.44 252 0.28 
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Taste VII 
AUTOXIDATION OF INTERPOLYMER FRACTIONS 


Resulting free rubber 
Block — 


System fraction ws Mn x10-5 a X108 M n X107-5 


23.8% MM, 90% conv. I 0.59 ' 1.00 1.83 
I+TII 0.48 : 0.72 


38.5% MM, 97% conv. : 0.39 j 0.34 
I 
I 


I 0.45 . 0.78 1.78 
+ II 0.16 ‘ 0.16 
+ Il 0.12 0.13 1.79 


55.4% MM, 94% conv. 
predominant radical-acceptor termination’, only the rubber component was 
degraded. Thus, 75, 50, and 25 per cent mixtures of rubber of [y] = 385 ml/g 
with polymethyl methacrylate of [m7] = 550 ml/g gave, after milling and 
separating, rubber of [y] = 157, 72, and 38 ml/g and polymethy] methacrylate 
of [n] = 554, 540, and 555 ml/g, respectively. 

When the separated interpolymer from the initially 38.5 per cent methyl 
methacrylate system was similarly passed through the mill, both free rubber and 
free polymethyl methacrylate were formed in significant amounts (Table VIII). 


STATISTICAL ANALYSIS OF INTERPOLYMER STRUCTURE 


Experimental methods of completely isolating the free polymer and inter- 
polymer fractions and of measuring the lengths of attached segments of the 
interpolymer (for example, polymethyl methacrylate segments by ozonolysis 
of rubber segments) are not always available. It is, however, often possible to 
isolate and measure the weight fractions and molecular weights of one or more 


Taste VIII 


DEGRADATION OF ISOLATED INTERPOLYMER BY MASTICATION 
witH 1% THIOPHENOL 


No. passes through mill 0 10 20 35 50 80 
% free rubber 0 52 66 75 83 89 
% free PMM 0 17 26 34 38 43 


fractions and carry out further reactions. Simple statistical treatment of the 
results may then give considerable information on the structure of the inter- 
polymer. The part of the statistical treatment given below illustrates the 
method and is later applied to the data on isolating free rubber after mastication 
and on autoxidation of the rubber in the isolated interpolymer. 

Free rubber after reaction.—It is assumed that the initial rubber molecules 
have a random distribution of chain lengths" given by N./N = Bo exp { — Bor}, 
where 1/8» is the number average molecular weight, NV; is the number of mole- 

cules of length z monomeric units, and N = >> N, = f N.dz. Let ao be 
1 0 
the fraction of the initial links between units which are ruptured, all units as- 
sumed to have an equal probability of rupture. (These two assumptions are 
probably only crude approximations for the system under investigation®'”, but 
are likely to be close approximations for selected random grafting by normal 
chemical reaction.) 
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The number of monomer units in chains of length ¢ which have not been 
ruptured is!*: 


tN,° = tN.(1 — ao)t = NBot exp { — (ao + 3o)t} (1) 


Integrating from ¢ = 0 to © and dividing by the total number of monomer 
units, N/Bo, gives the weight fraction of free rubber as: 


w = Bo?/ (Bo + ao)? (2) 
The chain length of the free rubber is: 
v = 1/(a0 + Bo) (3) 


Similar arguments give the number of rubber segments possessing one end 
formed by rupture, N’, and of rubber segments possessing two ends formed by 
rupture, as: 


N= 2aoN / (ao + Bo) and N” = ap?®N /{Bo(ao + Bo)} (4) 


The fractions g = N’/(N’ + N”) and (1 — q) = N”/(N’ +N”) are then 
given by: 


q = 2Bo/(2Bo + a0) and 1 — q = ao/(2B8o + ao) (5) 


The value of ao is determined from the known w and §» by (2) and then the 
fractions of rubber chains attached at one and both ends to polymethy! meth- 
acrylate by (5). 

Random scission of rubber in isolated interpolymer.—Let the rubber segments 
of the isolated interpolymer be of random chain length around the mean value 
1/8 and random degradation occur to extent a. 

(A) For interpolymer with all rubber segments joined at only one end to 
polymethy! methacrylate segments and of random distribution, the weight and 
chain length are readily deduced™: 


w=a/(a+) and v= 1/@+8) (6) 
Similarly the chain length of the rubber both bound and free is given by (6); 
hence the molecular weight of the free segments is equal to that of the bound. 


Likewise for interpolymer with all the rubber segments joined at both ends 
to polymethyl methacrylate segments and of random distribution: 


w =a*/(a+f)? and v= 1/(a+ 8) (7) 


(B) For interpolymer with a fraction q of rubber segments joined at one 
end: 


w=q 


and v = 1/(a +8) (8) 


w = + (1 — (9) 
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(C) For the case of random rupture of initially uniform rubber segments of 
length z: 
w = 1 — (1 — exp{ — az})/az 
and 
vy = {1 — (1 — exp{ — az})/ar} /a (10) 


(D) To approximate more closely to the distribution of rubber segment 
lengths of the interpolymer formed by mechanical rupture’’, let their distribu- 
tion be: 


Nz = — NB exp {8(x — 2)} (11) 


where z > 2p and 2zp is the critical length of rubber molecules below which 
scission does not take place. Random autoxidative scission to extent a gives: 


B exp| — azo} 
a(a + B) 


+ 1/8 — + 


1 
and vy=2+1/8 (12) 
From (4) to (12), the values of 8 or x can be derived from weight fractions 
and molecular weights of free rubber for different proposed interpolymer 
mechanisms. 


DISCUSSION 


Course of the reaction.—During the init‘al stage of slow polymerization, the 
interpolymer formed is largely of the block I type (Figures 1 and 2), which 
composition, molecular weight determination, and ozonolysis reveal to be com- 
posed of relatively long rubber segments and short plastomer segments. This 
is consistent with preferential rupture of the longer rubber molecules and growth 
of plastomer chains less influenced by the Trommsdorff gel effect'*® than at 
later extents of reaction. The block I fraction is only isolated from solutions 
as a coprecipitate with free rubber on centrifuging because of the interaction of 
its long rubber segments with free rubber molecules. 

During the period of rapid polymerization, greater proportions of the block 
II than of the block I interpolymer are formed. The block II fraction poss- 
esses shorter rubber segments and longer plastomer segments than the block I 
interpolymer. The rate of initiation increases with extent of conversion and 
attendant increase in bulk viscosity. This increase in initiation rate is in- 
sufficient to offset the increase in molecular weight of the polymer attributable 
to the decreased termination rate by the gel effect. At high extents of reaction, 
however, the molecular weight of the polymer formed again decreases, as ex- 
pected from a decrease in propagation rate by monomer depletion or reduction 
in propagation rate constant'® while the rate of initiation is still increasing. 
The experimental separation into distinct block I and II fractions is a conse- 
quence of the sudden onset of the gel effect. 

On approaching complete conversion after mastication with different initial 
monomer concentrations and successive stepwise polymerization, the fraction 
of the rubber not in the interpolymer is appreciable and approximately con- 
stant. Its fraction is higher with initial rubber of lower molecular weight. 
Superficially these results suggest that the stage of rubber degradation has 
been reached when the only rubber molecules remaining uncombined are those 
not subject to scission by the applied shearing forces. Such a view of a molec- 
ular weight below which scission by shear is inoperative has experimental and 
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theoretical support’? and explains the viscosity-molecular weight relationship 
of rubber after various extents of cold mastication’ and the leveling off of the 
molecular weight at 70,000 to 100,000 on continued mastication. However, 
the widely differing shear conditions with different initial amounts of monomer 
in the present case would be expected to lead to different proportions of free 
rubber with molecular weight considerably lower than the experimental values 
of almost 200,000. Again, the free rubber isolated after complete polymeriza- 
tion can initiate the polymerization of further methyl methacrylate on masti- 
cation and is therefore clearly capable of further rupture. The free rubber 
therefore seems to arise in part from incomplete degradation of the original 
rubber molecules and in part from shear of the interpolymer. 

In conjunction with the result that free rubber and free polymethyl meth- 
acrylate are produced on milling the isolated interpolymer, it seems necessary 
to advance especially facile rupture near the link joining already formed rubber 
and plastomer segments during polymerization. 

In accordance with its transfer reactivity, tert-dodecyl mercaptan markedly 
increased the amounts of uncombined polymethyl methacrylate. It also re- 
tarded the rate of polymerization due to the remarkable softening rather than 
hardening of the mixture during polymerization as well as a reduction of the 
Trommsdorff gel effect. The high yields of free rubber are explicable by a 
direct transfer reaction between mercaptan and the initiating rubber radicals. 

Structure of the interpolymer—The following observations favor a linear 
block rather than a branched graft structure for the interpolymer: (1) Rupture 
occurs in the backbone of the rubber molecules and methyl methacrylate in 
small amounts behaves as a noncrosslinking radical acceptor*. (2) The values 
of the viscosity and osmotic interaction constants, k’ and yu, respectively, are 
intermediate between those of the homopolymers, whereas substantially higher 
values of k’ have been found on preparing graft polymer. (3) A grafting reac- 
tion would require a hydrogen-transfer reaction between polymer radical and 
rubber molecule, which is absent during normal catalytic polymerization of 
methyl methacrylate in the presence of rubber”. (4) A grafting reaction, not 
being so dependent on molecular weight of rubber molecules as the primary 
mechanical scission, would give decreasing amounts of free rubber after each 
stage of polymerization. 

The molecular weight data for the two samples of rubber-polymethyl 
methacrylate analyzed in most detail are summarized in Table IX. The 
osmotic molecular weight and composition of the interpolymer and molecular 
weight of the polymethyl methacrylate determined after ozonolysis indicate 
that the interpolymer molecule contains one plastomer segment. 

The lengths of the rubber segments have to be deduced from the less direct 
autoxidation results. These deductions suffer from the present uncertainties 
of chain length distribution. This in turn is partly based on only approximate 
knowledge of the mechanical rupture of a link between monomeric units de- 
pending on its position in the chain and chain length of the rubber molecule. 
The several cases treated in the statistical section, probably bracketing the true 
distribution, give the lengths of the rubber segments of Table IX. One to two 
rubber segments per interpolymer molecule are found for these different dis- 
tributions. 

The molecular weight of the free rubber also indicates the chain lengths of 
the bound rubber segments; for random scission, the molecular weight of the 
free rubber is equal to that of the bound segments. The measured molecular 
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weight of the free rubber and total chain length of bound rubber from molecular 
weights and composition of the interpolymers is consistent with two rubber 
segments per interpolymer molecule. 

The number of rubber segments per polymethyl methacrylate segment 
might be predictable if the mode of termination of polymethyl methacrylate 
radicals was established. Unfortunately, the termination process has not been 
unambiguously determined, although there seems general agreement that com- 
bination is significant at higher temperatures than those employed here and 
that the proportion of radicals undergoing combination is increased by lowering 
of temperature. There is also the possibility that termination may occur by a 
facile reaction between polymethyl! methacrylate and some of the polyisopreny] 
radicals produced by shear. On balance, therefore, the interpolymer molecule 
is more probably composed of a plastomer segment between two rubber seg- 
ments rather than only one segment of each polymer. 


SUMMARY 


Polymerization of methyl] methacrylate admixed with natural rubber occurs 
on rupture of rubber molecules to free radicals by applied shearing forces. 
The polymeric products after different conditions and extents of reaction have 
been separated into uncombined rubber, two interpolymer fractions, and un- 
combined polymethyl methacrylate by fractional precipitation and extraction 
methods. The structure of the interpolymers has been investigated by measure- 
ment of composition and osmotic molecular weight, ozonolysis to degrade the 
rubber segments and isolation of the polymethyl methacrylate fragments, 
autoxidation of the rubber segments, and viscosity measurements on the un- 


combined rubber. The interpolymer is a linear block polymer containing one 
polymethyl methacrylate segment and of the order of one or two rubber seg- 
ments per molecule. The Trommsdorff gel effect has a profound influence on 
the rate of formation, composition, and structure of the interpolymer. 
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MASTICATION OF RUBBER. VI. VISCOSITY 
AND MOLECULAR WEIGHT RELATIONSHIPS 
FOR NATURAL RUBBER AFTER COLD 
MASTICATION * 


D. J. Anerer, W. T. CuamBers, W. F. Watson 


British Russer Propucers’ Researcn AssociaTIon, 
Wetwyn Garpen Crry, Herts., ENGLAND 


As with other polymers, many of the physical properties of natural rubber 
are dependent on the mean molecular weight of the rubber molecules, their 
chain length distribution, and extent of branching. Since the physical char- 
acteristics vary for natural rubber produced by different trees and are further 
altered during storage and the processing operation of mastication, it is inter- 
esting to find what correlations between properties exist, for example, between 
number average molecular weight and limiting viscosity number after different 
extents of mastication, and to consider how these correlations provide insight 
into the molecular changes taking place. 

Comparisons of limiting viscosities and Huggins’ constants', k’ (of the 
viscosity number-concentration equation, n/c = [n] + k’ [mF c), have been 
made on rubbers masticated in air and in nitrogen and inferences drawn from 
increase in k’ values of the occurrence of a branching reaction on mastication in 
air with certain radical acceptors and on mastication in nitrogen without added 
acceptors. Similarly, decrease in the Flory-Huggins’ constant?*, uw (of the 
osmotic pressure-concentration equation, m/c = RT(A + Bc), where A = 
1/Mz and B = — u)/d?V; and d2, M2 are the density and molecular weight 
of the solute and V; the molar volume of solvent), for rubber masticated in 
‘ nitrogen again indicates a branching reaction. Increase in bulk viscosity of 
the rubber is another property shown to be dependent on branching. 

The relationship obtained between limiting viscosity number and osmotic 
molecular weight on masticating in air provides a useful calibration of the latter 
against the easily measured former property. The exponent a’ when the data 
are expressed by the usual Mark-Houwink equation, [)]}, = K.uM,%’, has a 
value greater than unity, which value indicates that the parameter a’ is not to 
be identified with the exponent a of magnitude 0.67 in the equation, [y] = 
KM,°, of fractionated rubber‘ but is partly dependent on change in chain 
length distribution during mastication. The viscosity-osmotic pressure results 
for rubber samples masticated in nitrogen cannot be expressed by an equation 
of this type, but provide evidence of a branching reaction with relatively little 
change in number average molecular weight. 


EXPERIMENTAL MATERIALS AND METHODS 


Rubber.—Smoked sheet’ was kindly supplied by the Rubber Research 
Institute, Malaya, and deproteinized crepe*® by the J. P. P. Karet, Indonesia, 


* Reprinted from the Journal of Polymer Science, Vol. 25, Issue No, 109, pages 129-138, July 1957, 
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Smoked sheet was used only for determining the limiting viscosity number- 
molecular weight relationship on degradation in air (Figure 2). 

Viscometry.—Ostwald viscometers of B. 8. type 1’ gave linear viscosity 
number-concentration curves in the range 0.1—0.5 g rubber in 100 ml benzene 
or other solvent at 20° C. Allowance was made for the kinetic energy of flow’, 
which increased the uncorrected limiting viscosity numbers in benzene, carbon 
tetrachloride, hexane, and 15 per cent methanol-benzene by 4, 5, 8, and 4 per 
cent, respectively. The overall experimental limits of error in limiting viscos- 
ity numbers was +3 per cent. 

The Huggins’ constant, k’, was determined directly from the slope of the 
limiting viscosity-concentration curve since the overall experimental error of 
+10 per cent in k’ did not justify a more refined analysis*. The values of k’ in 
benzene, carbon tetrachloride, n-hexane, and 15 per cent methanol-benzene 
would have been 8, 10, 16, and 8 per cent too high, respectively, if the kinetic 
energy correction had not been made’. 

Osmometry.—The osmometer was of Fuoss and Mead design’® except for 
the substitution for needle valves of a mercury cut-off to isolate each half-cell 
from its filling tube and a glass siphon for draining". One denitrated nitro- 
cellulose membrane was used throughout, possessing constant solvent per- 
meability and less than 0.02 mm difference in levels with benzene in both half- 
cells after each molecular weight determination. A semidynamic equilibrium 
osmotic pressure value, 7, was obtained by averaging readings over 2-3 hours in 
which equilibrium was almost attained from an initial 1 cm pressure difference. 
A static pressure value after 16-20 hours was also recorded to check for slow 
diffusion. Differences between static and semidynamic pressures were less than 
5 per cent for the fractionated rubber samples and for the unfractionated 
samples of average molecular weight above 100,000. Molecular weights were 
calculated from the semidynamic equilibrium pressures. 

Increasing slow diffusion was noted with unfractionated rubber of lower 
molecular weight. Average molecular weights of unfractionated rubber were 
thus increasingly overestimated with decrease in molecular weight, unfortun- 
ately by an unknown amount as it seems probable that the diffusion of rela- 
tively small molecules could not be inferred from the measured pressures. 

As mentioned elsewhere®, repeat osmotic pressure measurements were made 
at 25° C at two concentrations, approximately 0.3 and 1.0 g rubber in 100 g 
benzene, instead of the more usual single measurements at equidistant concen- 
tration intervals. Occasional measurements at 0.5 g/100 g confirmed the 
linear regression of w/c with c. 

The semidynamic and static osmotic pressures gave equal slopes of /c 
against c. Slow diffusion therefore did not cause a significant error in the 
determination of the interaction constant, u. Taking the densities of rubber 
and benzene as 0.93 and 0.87 g ml-', the Flory-Huggins’ equation is repre- 
sented for convenience of calculation in the form, uw = 0.50 — 0.353 X d(ac)/de. 
Limits of error in the measurement of slope increased from +2 to +12 per cent 
over the molecular weight range 100,000 to 1,000,000, giving an uncertainty 
to uw values of +0.001 to +0.004. 


RESULTS 


[] and k’ of masticated rubber.—Values of k’ give a qualitative measure of 
branching. Higher values of k’ have been found on preparing polymers in the 
presence of branching agents, for example, divinylbenzene in styrene, and the 
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inference made that higher values of k’ by one process than by another denotes 
increased branching’. For natural rubber, the values of k’ after masticating 
in nitrogen are consistently higher than after masticating in air (Figure 1), and 
have been interpreted’ as due to a branching reaction consecutive to scission to 
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Fic. 1.—Limiting viscosity numbers and bulk viscosities (Wallace Plasticity Units) of natural rubber 
after mastication in air or nitrogen: a and 6, [»] on mastication in air and nitrogen, respectively ; the num- 
bers are the k’ values. a’ and b’, bulk viscosities on mastication in air and nitrogen, respectively. 


radicals by mechanical shear™ occurring in nitrogen and mainly linear degrada- 
tion occurring in air. 

The results in Table I are further confirmation of this qualitative k’ cri- 
terion for linearity of rubber molecules. These values of k’ are a selection from 
the data providing the limiting viscosity numbers previously reported for 
rubbers masticated with different radical acceptors’. The Huggins’ constants 
are in accord with the noncrosslinking and crosslinking reactivity of the radical 
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TABLE 


[n] AND k’ von Narurat Rupser arrer 30 Minutes MasticaTion 
IN Ark AND NITROGEN witH RacipAL ACCEPTORS 
IN BENZENE AT 25° C 


In nitrogen 


k 
Radical acceptor g ml (in air) g7 ml 


a-Naphthol 210 0.39 + 0.04 336 0.42 + 0.04 
Azobenzene 189 0.38 + 0.04 306 0.43 + 0.04 
Naphthaquinone 202 0.35 + 0.04 287 0.43 + 0.04 
Iodine 148 0.41 + 0.04 233 0.45 + 0.04 
Thiophenol 162 0.42 + 0.04 159 0.41 + 0.04 
p-Aminophenol* 541 0.72 + 0.07 639 0.65 + 0.06 
n-Butyramide* 554 0.64 + 0.06 582 0.64 + 0.06 
Benzoic acid? 183 0.38 + 0.04 391 0.64 + 0.06 
Trinitrobenzene* 503 0.60 + 0.04 301 0.63 + 0.06 
m-Nitroaniline® 218 0.37 + 0.04 391 0.59 + 0.06 

Toluidine® 218 0.38 + 0.04 385 0.63 + 0.06 

aleic anhydride’ 256 0.38 + 0.04 183 0.59 + 0.06 


@ Values of k’ after masticating in air significantly high. 
® Values of k’ after masticating in air and nitrogen significantly diferent. 


acceptors deduced from additional measurements of Mooney viscosity and 
expected from their reactivity in other free radical systems". 

Consideration of k’ as a useful viscosity parameter seems appropriate in 
comparisons of the flow and related physical properties of the bulk elastomer 
with its viscosity in solution. For example, Figure 1, Curve b’, illustrates the 
effect of branching by mastication under nitrogen on the flow of natural rubber 
at 100° C measured by the Wallace Rapid Plastimeter™. With short periods of 
mastication, a marked increase in resistance to flow is produced despite a con- 
tinuous decrease in limiting viscosity number similar to that on air mastication, 
but which becomes explicable by a branching reaction on considering k’ values. 

Values of [7] and k’ of masticated rubbers in benzene and other solvents are 
given in Table II. Values of k’ after masticating in nitrogen are consistently 
higher in all the solvents than those after masticating in air. The value for the 
unmasticated rubber also indicates branching (Table IV). Mastication in air 
gives a decrease in k’ and in nitrogen a smaller increase or decrease dependent 
on the initial k’. 

Effect on uw of masticating in air or nitrogen.—The slopes and yw values of 
Table III were obtained from the linear osmotic pressure/concentration-con- 
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ComPaRISON OF AND k’ ror Masticatep Natural RusBER 
IN DIFFERENT SOLVENTS 


Mastication in air, min Mastication in nigrogen, min 
Solvent 3 15 120° “15 60 330 960 
Benzene {J 304 175 136 89 250 165 110 106 
k 0.41 0.39 0.41 .43 0.52 0.51 0.55 0.52 
CCh 340 209 
g 0.51 0.43 0.46 0.44 0.59 0.58 0.60 0.61 


0 

174 111 320 218 145 135 
1 
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n-Hexane (n] 225 138 lll 7 
k’ 0.46 0.50 0.45 


_ 133 89 80 
46 0.65 0.58 0.69 


Benzene + 15% methanol [ny] 157 97 83 67 137 96 68 63 
k’ 0.46 0.44 0.42 0.44 0.58 0.48 0.49 0.50 
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Taste III 


Stopes or x/c vs c CURVES AND » VALUES OF NATURAL RUBBER AFTER 
MASTICATION IN AIR AND NITROGEN 


In nitrogen 


Slope of Mol. wt. Slope of 


0.151 0.206 
0.190 43: 0.197 


0.216 . 6 0.179 
0.235 J 36 0.164 
0.227 


* Initial unmilled smoked sheet. 
Initial unmilled deproteinized crepe. 


centration curves obtained for rubber samples masticated in air and in nitrogen. 
The values of u decreased from that of the unmasticated rubber to an almost 
constant value on masticating in air, as would result from the increase in solu- 
bility on changing from branched to linear molecules. In contrast, the values 
of uw increased with extent of mastication in nitrogen, again explicable by a 
branching reaction. 

Limiting viscosity numbers and osmotic molecular weights after masticating 
in air.—The intrinsic viscosities and osmotic molecular weights recorded in 
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lose M, 
Fra. 2.—Osmotic molecular weights-limiting viscosity numbers of unfractionated rubber after mastica- 


tion in air: a and b, unfractionated masticated and fractionated rubber, respectively. c, theoretical curve 
for a random distribution of chain lengths based on Curve b. 
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In air 
Mol. wt. 
1075 
4.95 0.427 
1.96 0.431 
1.36 0.437 
1.02 0.442 
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Figure 2, Curve a, can be related by an equation of the familiar Mark-Houwink 
type, [n]. = KuM,* with K, = 5.55 X 10~-* and a’ = 1.05. As will be dis- 
cussed later, agreement with this expression is probably merely a consequence 
of the flexibility of the two parameter equation and the K, and a’ are not similar 
terms to those obtained with the unfractionated polymer*. It is noteworthy 
that the values of K, and a’ uphold some of the early investigations for which 
the Staudinger equation was applied'®. Using the results of Table II, values of 
K, and a’ in carbon tetrachloride, n-hexane, and 15 per cent methanol-benzene 
are K, = 2.19 X 107, 1.41 X 10-5, and 3.55 X 107°, and a’ = 0.95, 0.95, 
and 0.85, respectively. 
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Fic. 3.—Osmotic molecular weights-limiting viscosity numbers of unfractionated 
rubber in different solvents after mastication under nitrogen. 


Curve 6 of Figure 2 is the relationship found‘ for fractionated natural rub- 
ber, expressed by [n] = KM* with K = 5.00 X 10“ and a@ = 0.67. Frac- 
tionated rubber measured with the same osmometer as used with the unfrac- 
tionated samples agreed within experimental error with the above-mentioned 
previous work (Figure 2). In particular, the value of a for fractionated rub- 
ber is significantly less than a’ for masticated rubber. 

Unfractionated linear polymer of lower limiting viscosity number than for 
fractionated material of equal number average molecular weight is theoretically 
inexplicable, and therefore the molecular weights of heavily degraded masticated 
rubber appear to be experimentally overestimated (cf. ‘‘Experimental Meth- 
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ods’). The alternative explanation of a significant degree of branching is 
unlikely since the radical acceptor present, oxygen, is in sufficient concentra- 
tion to make the scission reaction rate determining”. 

Limiting viscosity numbers and osmotic molecular weights after mastication in 
nitrogen.—Figure 3 presents the correlation between osmotic molecular weights 
and limiting viscosity numbers of deproteinized crepe in benzene solution after 
varying extents of mastication under nitrogen. The similar correlations with 
limiting viscosity numbers in other solvents are obtained from the data of 
Table 

A large decrease in limiting viscosity numbers first occurs accompanied by a 
comparatively small change in overall average molecular weight, thus support- 
ing the transfer and branching reaction previously put forward’. After only a 
moderate reduction in molecular weight, limiting viscosity numbers become 
markedly lower than those for fractionated rubber of equal number average 
molecular weight, again explicable by a branching reaction. 


TaBLe IV 


Viscosity AND Osmotic MoLecuLarR Data" ror NATURAL LIGHTLY 
Masticatep To Repuce Get Content BeLtow 5% 


Mn X 


Rubber 


Smoked sheet 535 al 
406 

378 6 3 
5 


358 


Sole crepe 560 
“F” rubber 605 


Limiting viscosity numbers and osmotic molecular weights of unmilled rubber. — 
No simple correlation of viscosities and molecular weights of unmasticated 
natural rubber samples was obtainable® (Table IV) (ef. reference 16). The 
values of k’ and uv substantiate the interpretation of lack of correlation as due to 
branching. 

DISCUSSION 


Viscosity-molecular weight correlations.—Natural rubber in fresh latex is not 
a wholly linear polymer but possesses a microgel component'* and probably a 
significant proportion of soluble but branched molecules. The wide scatter of 
limiting viscosity numbers-number average molecular weights of unmilled 
rubber samples, in particular the great variability of molecular weight up to 
several million with intrinsic viscosities not normally above 700-800 g~! ml, can 
likewise be attributed to different extents of branching of the molecules in bulk 
rubber. From an experimental viewpoint, the viscosities of unmilled rubber 
cannot be calibrated to provide number average molecular weights. 

On mastication, samples of bulk rubber from different sources fall on the 
viscosity-molecular weight curve of Figure 2, Curve a, after moderate extents 
of degradation (to viscosities of the order of 300 g-' ml). Empirically therefore, 
the calibration of Figure 2, Curve a, provides molecular weights of masticated 
natural rubber from viscosities. Structurally this appears due to the produc- 
tion of mainly linear chains of closely similar distribution in different rubber 
samples masticated to the same average molecular weight, but, as shown below, 
not according to the simple random degradation mechanism at first assumed!’, 
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Chain length distribution on masticating in air—On the basis of an equal 
probability of rupture at any monomeric unit (random scission), it has been 
deduced" that changes in molecular weight distribution from an initial random 
distribution lead to viscosities of unfractionated randomly degraded polymers 
according to [n]. = KuM.*, with K, = KT (a + 2) = 1.509K, where K and 
a are the constants obtained for the fractionated polymer. The theoretical 
curve'® for randomly degraded natural rubber on the basis of the data for frac- 
tionated rubber is drawn in Figure 2, Curve c, and it is immediately obvious 
that the viscosity-molecular weight rsults for cold-masticated rubber are in- 
compatible with the value of a = 0.67 obtained on fractionation. Hence, 
chain rupture on cold mastication does not appear to occur randomly among the 
isoprenic units. 

Instead, the empirical a’ = 1.05 means that monomeric units in long chains 
have a greater probability of rupture than those in short chains. A mechanism 
more in accord with the experimental results is that of Frenkel”. Frenkel has 
deduced that a polymer molecule of chain length greater than a critical value, 
Zo, becomes extended on being subjected to shear and eventually ruptured at a 
bond located in the central section between terminal chain segments of length 
xo/2. Molecules less than zo are not ruptured under the given shear conditions. 

The main experimental evidence for Frenkel’s model is the limiting finite 
molecular weight attained on ultrasonic degradation of polymer molecules in 
solution. A similar limiting molecular weight appears to be the common exper- 
ience in rubber mastication, and to have a value between 70,000—100,000 with a 
wide range of conventional milling and masticating machines. This limiting 
molecular weight is relatively insensitive to changes in temperature and rate of 
shear, and sets practical limitations on the extent of degradation of rubber by 
cold mastication. A limiting molecular weight of the above order also indicates 
that a significant proportion of the initial rubber chains escape degradation. 

The derivation of molecular weight distribution functions on the basis of 
a model similar to Frenkel's is mathematically formidable and seems unwar- 
ranted until more critical data are available. However, many of the physical 
properties of unvulcanized rubber, the efficiency of vulcanization, and the 
aging of the vulcanizate depend on the molecular weight distribution, and so 
further experimental work appears worthwhile. It is readily seen that, quali- 
tatively, mastication in air leads to a narrowing of the range of molecular 
weights until the major weight fraction possesses molecular weights in the 
region xo/2 to xo and the homogeneity of molecular weight (as measured by the 
closer approach to unity of the ratio, weight average/number-average molecular 
weight) is increased. This is of significance in network formation, as by con- 
ventional vulcanization, and may account for other properties such as the 
experimental difficulty of fractional precipitation of masticated rubber. 


SUMMARY 


Values of limiting viscosity number, Huggins’ interaction constant, k’, os- 
mostic molecular weight and Flory-Huggins’ constant, u, of masticated and 
unmasticated rubber have been compared. A calibration of limiting viscosity 
against molecular weight has been obtained for masticated rubber, but one is 
not available for unmasticated rubber due to the occurrence of different extents 
of branching. A mechanism is advanced of rupture during mastication of 
molecules above a critical molecular weight. 
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INTRODUCTION 


The preparation of graft and block interpolymers of natural rubber and 
synthetic polymers! has made it desirable that the number and size of polymer 
chains attached to rubber be readily determinable. The degradation of un- 
saturated polymers with tert-butyl hydroperoxide in the presence of osmium tet 
oxide has been used for the determination of free polystyrene in SBR*® and 
carbon black in several elastomers‘, and has recently been applied to the pres- 
ent problem’®. 

The accurate determination of the rubber content of interpolymers by 
quantitative ozonolysis essentially according to the method of Boer and Kooy- 
man® suggested that this might be made the basis of isolation of the attached 
polymer, the rubber being degraded into fragments of low molecular weight, 
from which the polymer could be separated by conventional techniques. The 
method should be applicable to any interpolymer, or mixture, of a polyun- 
saturated and a saturated polymer and is illustrated with reference to inter- 
polymers of natural rubber (NR)-polymethyl methacrylate (PMM) and 
NR-polystyrene (PS). 

EXPERIMENTAL 


The sample of interpolymer, sufficient to yield ca 0.2 to 0.5 g free polymer 
after degradation, is dissolved in purified (alcohol-free) chloroform (50 ml) 
together with di-n-butyl sulfide (1.0 g). The NR content of the sample must 
be known either from analytical data or, preferably, by the quantitative 
ozonolysis of a second sample. Ozone (ca 0.3 mmole/min) is passed through 
the solution, maintained at —25° in a reaction vessel of the type described by 
Boer and Kooyman*, for 10 minutes longer than the theoretical time for com- 
plete reaction of the rubber. The solution is washed out into a 1 1 beaker with 
chloroform (20 ml) and the PMM or PS precipitated with methanol (750 ml) 
containing calcium chloride (0.1%). The precipitate is collected, by centri- 
fuging if necessary, washed with methanol (250 ml) and dried. Limiting vis- 
cosity numbers [7 ] quoted in the results were measured at 25° using a B.S. No. 1 
Ostwald viscometer over a concentration range 0.3-0.9 g per 100 ml benzene 
and are expressed throughout in units (g/100 ml)~'. 


DISCUSSION AND RESULTS 
Chloroform is used as solvent because it combines good solubility character- 
istics toward the interpolymer, the free polymer and the degraded rubber with 
a reasonable ozone resistance. 
* Reprinted from the Journal of Polymer Science, Vol. 22, pages 213-216 (1956). 
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TaBLe 


Conrrot Experiments Usinc High Motecutar PMM 
({n] = 4.76) 


Ozonolysis 
time 
beyond 
Wt. theor. PMM 
sulfide, end point, recovery, 
£ % 


97 


97 
96 


PMM, as shown in Table I, and, to a lesser degree, PS are degraded in solu- 
tion by ozone. While NR is present no free ozone is available in the solution to 
cause degradation of the polymer but in the time elapsing between recognition 
of the end point of the NR-ozone reaction and the removal of the free polymer 
from contact with ozone (ca 3-5 min) an appreciable fall in molecular weight 
may occur. The dialkyl sulfide prevents this, being of such intermediate re- 
activity’ that the degradation of the NR proceeds unhindered, following which 
the sulfide reacts with ozone sufficiently rapidly to maintain the solution con- 
centration of the latter at a very low level. The end point of the NR-ozone 


TaBLe II 


ContTrot Usina Low Motecutar Weicut PMM 
= 0.605) 


Ozonolysis 
Wt. PMM, Wt. sulfide, time, 
£ min 


0.520 5 
0.520 ‘ 10 
0.520 15 
0.520 20 


reaction is not easily detectable under these conditions but ozonolysis may be 
safely continued some way beyond the calculated time. 

Table I illustrates the protective action of the sulfide in control experiments 
using mixtures of NR and high molecular weight PMM in which degradation, 
followed by changes in limiting viscosity number, is easily detectable. 

Table II shows that PMM of lower moecular weight is virtually completely 
protected from degradation and Table III confirms that no significant change in 
molecular weight distribution occurs under the specified conditions. 

The results of the degradation of a NR/PMM block interpolymer are shown 
in Table IV, the independence of the limiting viscosity number of the isolated 


III 


Ozonotysis of PMM ror 10 IN PRESENCE OF 
Sutripe (1.0 a) 


Osmotic mol. wt. 
« = 


Wt. PMM, Recovery, ‘Original Recovered. Original Recovered 
g % PMM PMM PMM PMM 
1.3567 98.9 1.22 1.20 223 X 10 223 X 108 


= 
4 

Wt. PMM, Wt. NR, (recovered oe 
PMM) 
0.5010 10 = 0.65 
0.304 0.712 — 4.6 
0.307 = 1.0 10 a 3.7 a 
0.306 0.701 1.0 10 3.6 st 
= 0.530 0.509 1.0 5 — 4.0 bi 

0.417 0.503 1.0 20 —_ 2.8 a 

PMM 
% PMM) 

0.57 

88.1 0.57 

88.5 0.56 

0.52 
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PMM of time of overozonolysis indicating that degradation can be considered 
negligible. 

Recovery of PMM is influenced by the fact that chloroform is an excep- 
tionally good solvent for this polymer with the result that precipitation with 
methanol from chloroform solution is not completely quantitative. High re- 
coveries (97-100%) are, however, obtained when the distribution of molecular 
weight of the polymer is such that the fraction having a molecular weight less 
than 30,000 is small. In the case of block interpolymers of NR/PMM pre- 
pared by cold mastication of NR and monomer’, although M, of the attached 
PMM is commonly of the order of 200,000, the distribution is wide and poly- 


Taste IV 
Decrapation or NR/PMM Btock InrerPotymer (35% PMM) 
Ozonolysis 
time 
Wt. inter- beyond PMM (n] (of 
polymer, Wt. sulfide, theor., recovery, recovered 
g £ min % PMM) 
1.492 0.0 0 85.5 0.59 
1.492 1.0 5 87.5 1.06 
1.492 1.0 10 86.9 1.08 
1.492 1.0 15 85.4 1.12 
1.492 1.0 20 85.5 1.06 


mer recoveries of 85-90% are usual. Carrying out the ozonolysis in a mixed 
solvent (chloroform: carbon tetrachloride, 1:1) appears to have some advantage 
in this respect. 

The method has also been applied to the degradation of interpolymers? of 
NR/PS. PS is not so susceptible to degradation by ozone as is PMM and 
also recoveries are generally higher than with the latter. 

Since the degradation of the NR chains occurs via the double bonds, it 
follows that the liberated polymer chain will have as an end group any oxy- 
genated fragment of NR of from 2 to 5 carbon atoms in length depending on the 
original structure of the interpolymer. Recovered PS and PMM are obtained 


Taste V 
ConTROL EXPERIMENTS WITH PS ([n] = 0.90) 

Sulfide Ozonolysis PS {n] (of 

PS wt., wt., time, recovery, recovered 
min % PS) 
0.400 1.0 5 97.5 0.83 
0.391 1.0 10 97.0 0.94 
0.391 1.0 15 97.0 0.92 


pure within the limits of elemental or spectral analysis but the presence of the 
end groups appears to cause a decrease in the ease of flocculation of PS after 
precipitation and the polymer must usually be collected by centrifuging. 

Further examples of the use of this degradative method will be found in the 
paper dealing with the detailed structure of interpolymers obtained by the cold 
mastication of NR and various monomers’®, 
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SYNOPSIS 


A simple ozonolytic method has been developed which enables the natural 
rubber trunk chains of rubber-polymethy! methacrylate and rubber-polystyrene 
interpolymers to be degraded into low molecular weight fragments from which 
the liberated polymer may be easily separated for characterization purposes. 
A dialkyl sulfide is used as a protective agent to prevent the attack of ozone on 
the polymer and the marked drop in molecular weight which would otherwise 
result. 
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END GROUPS OF OXIDIZED RUBBER * 


E. M. Bevitacqua 


Unrtep States Russer Company Researcn Center, Wayne, New Jensey 


Chain scission during the oxidation of polymeric 1,5-dimethyl-1,5-dienes 
occurs nearly quantitatively through the scission of an unusual peroxidic inter- 
mediate!, followed ultimately by evolution of a group of fragments of low 
molecular weight at each scission'*. The composition of this group depends 
on the reaction conditions. The first known stable intermediates to be formed 
subsequent to scission are levulinaldehyde and formaldehyde*: 


I- + 


+CH,O + 


(R’COH) + (2) 


Bolland’s kinetic® and analytic® studies combined with the requirements of 
the observed stoichiometry of scission form the basis on which it is possible to 
write a detailed mechanism! for the transformation represented by Equation 1. 
Nothing is known in detail of the sequence of reactions resulting in Equation 2. 
It has been suggested’ that scission is associated with propagation rather than 
initiation—that is, with decomposition of a peroxy radical rather than of a 
hydroperoxide as is indicated in this scheme. This is still a moot point. It is 
now known, for example, that overall scission efficiency is strongly determined 
by temperature!** and that benzothiazolethione’ and o0,0’-dibenzamidodi- 
phenyldisulfide” both accelerate oxygen consumption as well as scission, in 
contrast to earlier belief. 

Assignment of the end groups on the newly formed chain ends (in paren- 
theses in the equations) in the original outline of this mechanism! was based 
on Naylor’s" analyses of samples of a commercial oxidized rubber. It is as- 
sumed that the initial scission of a carbon-to-carbon bond occurs between the 


* Reprinted from Science, Vol. 126, pages 396 and 397 (1957). 
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two adjacent atoms each attached to oxygen, with the formation of a methyl 
ketone as one new chain end. This is followed by opening of the six-membered 
heterocycle and subsequent evolution of the two aldehydes. The chain end 
remaining has been presumed to go rapidly through the stages RCHO— 
RCO.H. The high oxygen content of Naylor's samples indicates that they 
were oxidized at relatively low temperature®:*, where over-all scission efficiency 
is low. Although ‘depolymerized"’ rubber of both low molecular weight and 
low oxygen content is available commercially, it seemed desirable to attempt to 
confirm directly the formation of the postulated end groups on samples oxidized 
under controlled conditions and not so severely ‘‘degraded’’. 


i i L 


20 60 /00 
Oxygen 
Fria. Methyl ketone. Fie. 2.—(Bottom) Both are given as a function of 


oxygen consum Units are moles (equivalents) per 105 g of rubber. Solid lines show the expected rela- 
tions if one such end group is formed per scission. 


The results” of estimates of acetyl and carboxyl end groups on a group of 
similar samples adjusted in molecular weight in the range 10° to 10° by oxida- 
tion at high temperature are presented in Figures 1 and 2. 

Analyses were made on samples of a relatively pure rubber obtained from a 
commercial latex concentrated by creaming. The only further treatment con- 
sisted of leaching the samples with hot water (95° to 99° C) after they had been 
coagulated on forms. The samples were treated with oxygen at 140° C in an 
apparatus which has been described‘. In this apparatus, the rubber is exposed 
to a flowing stream of gas so that volatile products are swept away. Under 
the conditions of this experiment, the measured scission efficienty (moles of 
chain cuts per mole of oxygen absorbed) is close to 0.1. 

An unsuccessful effort was made to estimate total carbonyl content of the 
oxidized rubber by adaptation of a published method claimed to give high sen- 
sitivity and precision”. The iodoform reaction", which should be specific for 


a 
6 
vst 
re) 
40 
ket 


88 RUBBER CHEMISTRY AND TECHNOLOGY 


one end group, proved to be unexpectedly easy to use. By making use of an 
observation by Fuson" the reaction was carried out on a solution of rubber in a 
mixture of chloroform and dioxane. Rubber was precipitated by the addition 
of methanol, and iodoform was determined in the supernatant by comparison 
of the absorption at 347 mu with a solvent blank. In Figure 1 the results are 
plotted as methyl ketone end groups versus oxygen absorbed. The solid line 
is that expected if one CH;CO group is formed per scission. 

Carboxyl groups were estimated by titration of 0.5- to 1.0-g samples of rub- 
ber with potassium methoxide in benzene solution, using phenolphthalein as 
indicator. The results for one series of samples are plotted in Figure 2. 

These results are in agreement with the hypothesis that the methyl ketone 
end groups are formed in the initial scission reaction and that the final structure 
of the other end group produced is determined by secondary reactions. Under 
the conditions used in the experiments reported here, just under half the product 
is oxidized as far as carboxylic acid", 
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ADHESION OF HIGH POLYMERS. 2. A METHOD FOR 
DETERMINATION OF THE MUTUAL ADHESION 
OF HIGH POLYMERS * 


A. I. SHapovavova, 8. 8. Vorurskii anp A. P. PISARENKO 


Screntiric Researcu Institute ror THE LEATHER 
Susstitutes Inpustry, Moscow, USSR 


The present communication deals with a problem of great practical import- 
ance—determination of the adhesion of a high molecular adhesive to a high 
molecular substrate. A solution of this problem is important for the footwear, 
rubber, paper, wood processing, and cardboard box industries, and in a number 
of other branches of technology. Together with the development of a method 
for determination of adhesion, we attempted to determine more precisely the 
influence of certain factors on the mutual adhesion of high polymers. 

As is known the adhesion of a high polymer to a substrate can be character- 
ized by: 1) the adhesion pressure, which is the minimum force required to de- 
tach the adhesive simultaneously over its total area of contact with the sub- 
strate, or 2) the work expended in a gradual stripping of the adhesive from the 
substrate. 

In the development of a method for determination of mutual adhesion of 
high polymers, the second method of evaluation was chosen, for the following 
reasons: 1) we are mainly concerned with the strength of adhesion of thin films 
of high polymer to a hard substrate ; in this case the adhesion strength is better 
characterized by the work of adhesion’; 2) in determinations of the work of 
adhesion exact centering of the detaching force is not needed, while this is nec- 
essary in determinations of adhesion pressure; 3) stripping tests give much 
more reproducible results than tearing tests*. 

The adhesive used was butadiene-acrylonitrile copolymer, containing 37.7 
per cent acrylonitrile. The adhesion of this copolymer to the substrates used 
was not too high, so that the peeling apart of the joints was always adhesive in 
nature. 

The substrates used were models of plant and animal fibers—thin, mirror- 
smooth films of regenerated cellulose (cellophane) and hardened and unhard- 
ened gelatin. It has been shown in a number of recent investigations that 
roughness of the substrate surface can have a great effect on adhesion? *», 

Great importance was attached in this work to obtaining perfect contact 
between the adhesive and the substrate. A special technique was developed 
for producing a layer of adhesive from a solution of fairly low viscosity on the 
substrate surface for this purpose. The method used for determination of the 
work of adhesion did not differ in principle from the usual method of adhesion 
measurement by the pulling apart of a specially prepared joint with the aid of a 
recording dynamometer. 

Preparation of joints.—The joints with cellulose substrate were made as fol- 
lows: standard cellophane 30 uw thick was washed free of glycerin, stretched in 


* Reprinted from the Colloid Journal (USSR), Vol. 28, No. 4, pages 475-482 (1956). 
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the wet state on some smooth, horizontal surface, and then dried in air. A 
closely fitting cardboard frame was placed on the dried cellophane film, and a 
definite quantity of 8 per cent solution of butadiene/acrylonitrile copolymer in 
pure benzene was then poured into it. After the solvent had partially evapo- 
rated, a layer of very fine cotton percale fabric was placed on the surface of the 
forming film. This fabric, which adhered to the outer surface of the adhesive 
layer, served as a reinforcement or base which prevented deformation of the ad- 
hesive layer when it was being peeled off the substrate. When the solvent had 
completely evaporated, the frame was removed and the joint was cut into strips 
of the required width. Complete contact between the adhesive and substrate 
was ensured by this method. 

McLaren®, who also used cellophane as substrate, used a somewhat different 
technique. To obtain the joints he coated technical cellophane (not washed to 
remove glycerin) with adhesive solution, allowing the solvent to evaporate from 
the film surface, and then joined two layers of film under pressure at a tempera- 
ture 30° above the softening point of the adhesive. This method has a number 
of serious faults, one of which is the presence of glycerin, which undoubtedly 
affects adhesion, in the cellophane; the possibility of incomplete coalescence of 
the polymeric adhesive layers during the relatively short contact time; the 
effect of heat on the properties of the substrate and adhesive, etc. 

The preparation of joints with a gelatin substrate was much more compli- 
cated. In this case solutions of both components had to be used. Prolonged 
experimental work showed that the following procedure was the most suitable 
for the preparation of such joints. A cardboard frame was placed on a mirror- 
smooth surface of a polyvinyl! chloride film (PVC lacquer), and 2 per cent aque- 
ous solution of edible gelatin (All-Union Standard 98) was poured into the frame 
in sufficient quantity to form a film about 504 thick. This thickness gave a gela- 
tin film of adequate strength and high elasticity. 

When the gelatin film was completely dry, 8 per cent solution of butadiene/ 
acrylonitrile copolymer in benzene was poured over it. After some time, when 
the benzene had partly evaporated, a layer of fabric (percale) was carefully 
placed on the forming layer of adhesive. After final drying and removal of the 
joint from the support it was cut into strips of the required width. 

When hardened gelatin films were used, a solution of basic chromium salts 
with a basicity of 41.5 per cent to give 1 g of Cr2O; per 100 g of air-dry gelatin, 
was added to the gelatin solution before it was poured into the frame. 


EXPERIMENTAL 


The joints were peeled apart in a dynamometer, the jaws of which moved 
horizontally. Thus the stripping was effected at an angle of 180°. The dy- 
namometer was equipped with reducing gear to make it possible to separate 
joints at different speeds. A diagram for the stripping force as a function of 
specimen length could be obtained by means of the recording device. 

The specific work of adhesion Ad was calculated from the equation: 
P2lg  2P9 


lb Ge 


Ad 


where P is the average force of separation, found from data for a number of 
points 1 cm apart on the adhesion diagram; / is the length of the effective part 
of the joint; b is the width of the joint; g is the acceleration due to gravity. 
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Since the substrate film and the fabric-reinforced adhesive film were both 
thin and very flexible, and did not undergo irreversible deformations during the 
separation, no corrections were applied for the work of deformation of the films. 
The nature of the contacting surfaces of adhesive and substrate were always 
examined after separation. 

It was assumed that the values obtained characterized adhesion only if both 
surfaces were mirror-smooth. When the substrate surface after separation was 
covered with a thin film of adhesive, while the adhesive surface was dull and 
uneven, it was assumed that the separation took place in the adhesive and that 
forces of cohesion had been overcome. In many cases mixed separation oc- 
curred—in some parts of the joint the separation was adhesive and in others, 
cohesive. All the values for adhesion given below are average results for 8-10 
parallel determinations. 

Effect of separation rate on the work of adhesion.—It is reported in a number 
of publications'**:7~* that the nature of the separation and the work of adhesion 
depend on the speed with which the adhesive film is separated from the sub- 
strate. 

It was important to determine the influence of the separation rate on ad- 
hesion in the conditions of our experiments. Joints of chrome-tanned gelatin 


TaBLe 


Errect or THE SPEED ON THE Speciric ResisTaANce TO SEPARATION 
AND THE Speciric or ADHESION 


Type of separation, and P in g/cm 
vin A Ad in 
em/sec Adhesive Mixed Cohesive ergs/em? 
0.083 381 451 
0.166 74. 237 —_ 145,780 
0.250 78.6 154,210 


and butadiene/acrylonitrile copolymer were separated for this purpose at 
speeds from 0.083 to 0.3 em/second. The gelatin film thickness in these ex- 
periments was 47 » (or 0.0058 g gelatin per 1 cm?), and the thickness of the ad- 
hesive film was 218 uw (0.0215 g/em*). The width of the joint was 4 cm, and its 
effective length 10 cm. The results of the experiments are shown in Table I. 

Table I shows that, in full agreement with literature data!?, mixed and co- 
hesive types of separation occur only at low speeds, of the order of 0.083-0.166 
em/second. At higher speeds the separation was purely adhesive in character. 
The reason is that during slow separation, when the deformation rate is less 
than the relaxation rate, the adhesive behaves as a liquid. In consequence 
the joint is broken when the cohesive forces of the adhesive are overcome. At 
high separation speeds, however, the adhesive behaves as a solid with a high 
modulus of elasticity and the separation occurs along the interface. No in- 
crease was found in the value of the work of adhesion with increasing separation 
rate in our experiments. 

An interesting feature is that in the case of purely cohesive separation at low 
speeds the separation curve is of zigzag form. This is seen in Figure 1, whic! 
shows adhesion diagrams typical of cohesive, mixed, and purely adhesive separa 
tion (the ordinate axes show the distance from the start of the working part of 
the joint, and the abscissa axes give the corresponding separation force). 
Figure 1 also shows that in the adhesion diagram for the mixed type of separa- 
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tion the maximum values of the resistance to separation correspond to cohesive 
separation. These peaks alternate with regions of purely adhesive separation, 
parallel to the ordinate axis. 

The transition from adhesive separation to the cohesive form, less advan- 
tageous from the energy standpoint, is probably explained by weak spots on the 
adhesive surface and by the fact that after a tear is formed the stress is con- 
centrated in its lower part. As a result, further separation proceeds not along 


a b c 


Fic. 1.—Typical separation resistance—joint length curves: a) for cohesive separation (at low 
speeds) ; b) for mixed separation (at medium speeds) ; c) for adhesive separation (at high speeds). 


the interface (where the resistance to separation is less) but along the adhesive 
layer. This separation will continue until for one reason or another the tear 
reaches the adhesive-substrate interface. This is clearly seen in the scheme in 


Figure 2. It is still not clear why, with purely cohesive separation, there is a 
distinct periodicity in the fluctuations of the separation force. As the speed 
increases, the periodicity of the adhesive separation also begins to increase and 
at sufficiently high speeds a curve corresponding to purely adhesive separation 


Fie. 2.—Scheme for the transition from adhesive to cohesive t ypes of separation, and back: 1) substrate; 
2) adhesive; 3) reinforcing fabric; 4) fault on the e surface of the adhesive layer. 


is obtained. Since a speed of 0.3 cm/second always ensured adhesive separa- 
tion in our conditions, all the subsequent experiments were performed at this 
speed. 

Effect of the width of the joint on adhesion.—As we found in one of our investi- 
gations that in determinations of autohesion the results may be influenced by 
the contact area!®, experiments were carried out to determine the effect of joint 
width on the specific work of adhesion. 

The substrate in these experiments was a film of chrome-tanned gelatin 
~50 u thick. The layer of adhesive, butadiene/acrylonitrile copolymer, was 
~ 250 w thick. The length of the working part of the joints was 10 cm in all 
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cases, and the width was varied between 1 and 5cm. The separation of the 
joints was carried out at the same speed of 0.3 em/second. The results of the 
experiments are shown in Table II. 

The results in Table II show that the specific work of adhesion does not de- 
pend on the width of the specimen. In the subsequent experiments joints 2 
em wide were used in all tests; the length of the working part of the joint was 
always 10 cm. 

Effect of thickness of the adhesive layer on adhesion.—It has been shown by 
McBain" and a number of others’~'* that the adhesive strength always in- 


II 


Errect oF Joint WIDTH ON THE Speciric RESISTANCE TO SEPARATION 
AND THE Speciric Work ADHESION 
Width of P in g/em 
specimen, — Adin 
em Minimum Maximum Average ergs/cm? 
1 115.0 120.0 ‘ 118.7 232,800 
2 99.0 117.0 108.2 212,300 


3 109.6 126.0 116.0 227,600 
4 108.8 118.8 111.8 219,300 
5 104.0 124.0 111.2 218,100 


creases with decreasing thickness of the adhesive layer. Several theories have 
been advanced to explain this effect!*—". 

However, they all explain the increased adhesive strength with decreasing 
thickness of the adhesive layer in terms of the properties of the adhesive sub- 
stance itself. In addition, most of these theories are only applicable when the 


joint is broken along the layer of adhesive. In this situation, in an investiga- 
tion the aim of which was to develop a method for the evaluation of the ad- 
hesive power of high polymers, it was necessary to determine the influence of 
layer thickness on adhesion proper, determined by the peeling method. 
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Errect OF THE THICKNESS OF THE LAYER OF ADHESIVE ON THE 
RESISTANCE TO SEPARATION AND Speciric WorK oF ADHESION 


Thickness 
of adhesive Ad in 
P in g/cm ergs/cm? 


100 196,200 
135.5 265,850 
113 221,600 
105 206,000 
113 221,600 


Experiments for this purpose were carried out with joints in which chrome- 
tanned gelatin was used as substrate. The preparation and separation of the 
joints was carried out according to the standard procedure, except that the 
‘thickness of the layer of adhesive was varied between 152 and 557 u, correspond- 
ing to 0.015 to 0.055 g of adhesive per 1 cm? of substrate. The results are 
shown in Table III. 

Table III shows that the specific work of adhesion is practically independent 
of the thickness of the adhesive layer. This is possibly explained by the fact 
that the layers of adhesive used in our experiments were not thin enough. 
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There are indications in the literature that in certain cases the adhesive strength 
increases appreciably only with very thin layers of adhesive'®. In our view, 
however, another explanation is more probable, namely that adhesion proper 
is independent of the thickness of the layer of high molecular adhesive. 

All the subsequent experiments were carried out with an adhesive layer 
thickness of 253 4, which corresponds to 0.025 g of adhesive per 1 cm? of sub- 
strate. 

Effect of the pressure applied to the joint on the work of adhesion.—When two 
unlike solid surfaces are brought into contact, the force of adhesion, as a rule, 
depends on the contact pressure. The usual explanation for this is that in- 
crease of pressure increases the area of true contact by changing the shape of 
the surface. 

It was desired to determine the effect of pressure on the work of adhesion in 
our conditions, when the adhesive was applied to the substrate in solution 
form. Experiments were therefore carried out in which joints made by the 
usual method were subjected to various pressures for 40 minutes and immedi- 
ately separated. Cellophane was used as the substrate. 


IV 


Errect oF Heat TREATMENT OF THE JOINT ON THE Speciric Resistance 
TO SEPARATION AND Speciric WorkK oF ADHESION 


P in g/em 
Heating A 
temperature, ° C Mini- Max- Aver- Ad in Type of 

mum imum age ergs/cm separation 
Without heating 115 121 117 229,550 Adhesive 
25 119 134 126 247,210 Adhesive 
50 128 154 146 286,450 Adhesive 

75 118 400 183 359,040 Mixed 

100 160 455 250 490,500 Mixed 


* The experiments showed that the work of adhesion is not changed by in- 
crease of pressure on the joint, but practically retains its initial value. Prob- 
ably application of the adhesive to the substrate surface in solution form ensures 
complete contact between the surfaces of the two polymers, and further in- 
crease of contact area by the action of additional pressure cannot occur in this 
case. 

Effect of heat treatment of the joint on the work of adhesion.—Voyutskii and 
Zamazit"” showed that heat treatment of the joint has a very strong effect on 
autohesion of high polymers. We therefore studied the effect of heating the 
joint on the adhesion of a high molecular adhesive to a high molecular substrate. 

Cellophane was used as the substrate in these experiments. The joints 
were prepared as described above, with the exception that the film of adhesive 
was formed by evaporation of the solvent in a cold room at a temperature close 
to zero. 

The joints were heated for 40 minutes at 25, 50, 75, and 100° under a pres- 
sure of 100 g/cm?, cooled, and held to constant weight in the cold in an atmos- 
phere with 30 per cent relative humidity before separation. Joints obtained at 
0° and not heated were also tested. The results are shown in Table IV. 

It is seen from Table IV that heating of the joint sharply increases the work 
of adhesion. After heating to 75 and 100°, the adhesion increases so much that 
separation of the joint assumes a mixed character. In some regions of the 
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joint the separation proceeds along the interface, and at others in the adhesive, 
leading to a sharp increase of the difference between the maximum and mini- 
mum values of the resistance to separation. This indicates that in such cases 
the magnitude of the adhesion is close to the cohesive strength of the adhesive. 

The increase of adhesion as the result of heating of the joint cannot be ex- 
plained here by an increase of the true area of contact between adhesive and 
substrate, since when the adhesive is used in solution form this area is at its 
maximum and is close to the area of nominal contact. In our opinion the 
positive influence of heat on adhesion between two high polymers is due to the 
same causes as the influence of heat on autohesion. Thermal motion is in- 
creased as the result of increased temperature and molecules of the adhesive, 
or separate regions of them, diffuse into the substrate. It is possible that at 
sufficiently high temperatures partial diffusion of the substrate molecules into 
the adhesive may also occur. Both these processes lead to disappearance of a 
sharp boundary between adhesive and substrate, to formation of a firm weld 
between the two high polymers, and therefore to an increase in the strength of 
the adhesive joint. 


TaBLe V 


Errecr oF THE Time or Gontact BETWEEN ADHESIVE AND SUBSTRATE 
ON THE Speciric ResisTaANCE TO SEPARATION AND SPECIFIC 
Work or ADHESION 


P in g/cm P in g/em 
A. 


Contact cr ~ 
time, Mini- Max-  Aver- Ad in Mini- Max- Aver- Ad in 
days mum imum age ergs/cem mum imum age ergs/cm 

Joints with tanned gelatin 
Joints with cellophane substrate substrate 


7 115 209,930 71 j 133,410 
15 154 270,750 88 : 162,850 
31 : 150 294,300 112 213,860 
60 188 333,540 148 245,250 
00 189 362,970 193 353, 160 

120 . 190 339,420 238 425,750 


Quite obviously, mutual diffusion of molecules from two layers of high poly- 
mers brought into contact can occur only if these polymers are mutually solu- 
ble. Therefore the increase of adhesion as the result of heat treatment of the 
joint can also be regarded as the result of increased mutual solubility of the 
polymers on heating (see Reference 19). 

Another explanation of the increased adhesion as the result of heating the 
joint may be based on the fact that heating leads to a more rapid redistribution 
of intermolecular bonds and facilitates orientation of molecules of the adhesive, 
or separate regions of them, at the substrate surface. The molecules of the ad- 
hesive can be regarded as joined together at their polar groups. This, of course, 
will hinder their orientation at the substrate surface, which is necessary for the 
formation of a firm adhesive joint. As the result of increased thermal motion 
on heating, these bonds are broken and the polar regions are more easily 
orientated at the substrate surface, forming bonds with the polar groups at 
that surface. This will naturally result in increased adhesion. 

However, this theory, advanced by McLaren and his associates®'’, hardly 
seems valid in the present instance, as the adhesive layer was formed from solu- 
tion, in conditions when orientation of the molecules of adhesive at the sub- 
strate surface is not hindered in any way. 
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Effect of the time of contact between adhesive and substrate on the work of ad- 
hesion.—In studies of the influence of various factors on adhesion it was noticed 
that the force of adhesion of a high molecular adhesive to a high molecular 
substrate varies with time. This fact is undoubtedly important, as it indicates, 
in the same way as the influence of temperature on the strength of the adhesive 
joint, a similarity between adhesion and autohesion. 

Special experiments were carried out on the influence of the contact time 
on the work of adhesion, cellophane and chrome-tanned gelatin being used as 
substrates. Before separation, the joints were kept for various times in an 
atmosphere at 30 per cent relative humidity when ihe substrate was cellophane, 
and at 60 per cent relative humidity when the substrate was gelatin. 

The results of these experiments are shown in Table V. 

Table V shows that the work of adhesion increases with increasing contact 
time. This, like the increase of adhesion as the result of heat treatment, may 
be explained by diffusion of the adhesive into the substrate and of the substrate 
into the adhesive. However, the work of adhesion does not reach the values 
attained when the joints are heated even after very long contact times. More- 
over, the values of the adhesion tend to a definite limit with increasing contact 
time, while no such limit is found with the use of heat. This may be explained 
on the grounds that increase of temperature not only favors accelerated diffu- 
sion, but raises tie mutual solubility of the polymers. 


SUMMARY 


1. A simple and fairly accurate method for determination of adhesion be- 
tween two high polymers has been developed, based on separation of the joints 
by a peeling method. 

2. It was found, in agreement with data available in the literature, that the 
manner of separation of the joints changes with variations of the speed of sepa- 
ration. At low speeds, separation of polymer-polymer joints is cohesive in 
character, at moderate speeds it is mixed, and at high speeds it is purely ad- 
hesive. No increase of the work of adhesion with increasing speed of separa- 
tion was found. 

3. It is shown that the width of the joint does not affect the results of the 
adhesion determinations. 

4, It was found that in the limits studied (from 150 to 550u) the thickness 
of the polymeric adhesive layer does not affect the value of the specific work of 
adhesion. 

5. It is shown that if the layer of high molecular adhesive on the substrate 
is formed from solution, the pressure to which the joint is subjected after it is 
made does not affect the adhesion. 

6. It was found that heat treatment of the joints considerably increases 
ad..esion. 

7. It is shown that adhesion increases and tends to a definite limit with in- 
creasing time of contact between a high molecular adhesive and a high molecu- 
lar substrate. 

8. It is suggested that the increase of adhesion by heat treatment and by 
increased contact time is caused by diffusion of molecules of the adhesive into 
the substrate and vice versa, which leads to disappearance of the interphase 
boundary and to formation of a stronger adhesive joint. 
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CROSSLINKING OF ORIENTED RUBBER * 


A. CHARLESBY AND E. von ARNIM 


Tuse Investments Researcu Lasoratories, Hinxton Harti, ENGLAND 


INTRODUCTION 


When rubber is subjected to the effect of high energy radiation, crosslinking 
occurs even in the absence of the usual vulcanizing agents. This effect parallels 
the crosslinking of other long-chain polymers by radiation and does not pri- 
marily depend on the presence of unsaturated bonds. 

Crosslinking by radiation has the advantage that the process can take place 
over a range of temperatures which are not determined by the temperature 
needed to initiate the chemical changes involved in vulcanization. It should 
therefore be possible to obtain rubber with different elastic properties in differ- 
ent directions by irradiating oriented rubber at a temperature at which rear- 
rangement of the molecules cannot take place. The efficiency of the process 
may be expected to show some small temperature-dependence in line with re- 
sults obtained for radiation induced degradation of polymethyl methacrylate 
and polyisobutylene and the crosslinking of polyethylene. A small tempera- 
ture variation is also found in the production of unsaturation in the main chain 
of polyethylene. 

In unoriented material, the degree of crosslinking of an elastic network can 
be deduced from the relationship between the applied stress f and the strain. 
The formula may be written in the form: 


f = pRTMO (a 3) 


where p is the density of the polymer, R is the gas constant, 7’ is the absolute 
temperature, and a is the ratio of the elongated length / divided by its original 
value lo. When end effects may be neglected, the average molecular weight 
between crosslinks M, is inversely proportional to the density of crosslinks, 
which is itself proportional to the radiation dose, i.e., to the total amount of 
high energy radiation absorbed. This has been shown in previous published 
work using both swelling in decane and elastic modulus for low elongations as 
methods of measuring M,. This earlier work was confined to atomic pile 
radiation but present results indicate similar results when electron radiation is 
used. 
EXPERIMENTAL 


Degree of orientation.—Initial attempts to produce crosslinking in a speci- 
men of completely uncured smoked sheet stretched during the irradiation proc- 
ess proved impossible due to plastic flow and uneven stretching. To reduce 
this plastic flow, very light radiation doses were given to the uncured specimen 
and this was then reirradiated in a stretched condition. However, no perman- 
ent marked orientation was observed, possibly due to the very small initial 


* Reprinted from the Journal of Polymer Science, Vol. 25, No. 109, pages 151-158 (1957). 
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dose used, which was unable to prevent cold flow during the subsequent highly 
stressed condition. These preliminary doses could not be greatly increased 
without in themselves counteracting the effect of further radiation on a subse- 
quently stretched material. - To overcome these difficulties, smoked sheet 
specimens were used which had previously been oriented during the calendering 
process. The smoked sheet was stretched during removal from the calender 
while being cooled below the flow temperature and immediately clamped be- 
tween wax paper sheets. In this way, a permanently oriented material was 
obtained. The amount of residual stress was determined by heating 2 inch 
square pieces, 0.125 inch thick to 90° C for 10 minutes and then measuring 
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Fic. 1.—Annealed rubber. 


their new dimensions. These showed a decrease in length in one direction of 
40 per cent and an increase at right angles of 44 per cent; the thickness increase 
was about 15 per cent. The degree of inherent strain as compared with the 
annealed sample was therefore 67 per cent. 

Annealed sheet-—Sheets of the annealed material were subjected to high 
energy radiation in the form of 2 Mev electrons from a Van de Graaff ma- 
chine. The doses were given in a series of exposures during each of which one 
megarad of radiation dose was accumulated. This dose, if completely used in 
increasing the temperature of the specimen, would raise this temperature by 
5°. Intervals were therefore allowed between exposures for the specimen to 
cool. The total accumulated doses were 20 and 40 megarad (Mrad). Dumb- 
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TABLE I 

Radiation 

dose, cross- linked 
Mrad Treatment Direction Mea linked unit Ge 
40 Oriented Parallel 8.3 X 10° 0.82 34.5 1.45 
Oriented Perpendicular 13.0 < 108 0.52 54.0 0.92 
Oriented 45° 10.0 « 108 0.68 41.5 1.20 
20 Oriented Parallel 9.3 & 108 0.73 19.3 2.60 
Oriented Perpendicular 20 xX 10° 0.34 41.5 1.20 
Oriented 45° 16 xX 108 0.43 33.3 1.50 
40 Annealed 11.5 & 108 0.59 47.7 1.05 
20 Annealed 21 xXx 10° 0.32 43.6 1.16 


« The M- and G values for oriented rubber, being deduced from the theoretical equation for an unoriented 
system, should be considered purely as useful parameters. The G values are the number of crosslinks per 
ev. 


bells were cut from the irradiated annealed specimens, both parallel and at 
right angles to the direction of initial orientation. These specimens were then 
subjected to increasing static loadings and the extensions measured for an 
initial length of l inch. The results plotted in Figure 1 show a linear relation- 
ship between the applied static stress and the quantity (a — 1/a’) as required 
from the formula given above. At high elongations of the 40 Mrad sample the 
observed values depart from this linear relationship, as is to be expected from 
the onset of crystallinity. There was no difference in the strains observed with 
increasing and with decreasing load during the complete cycle of about 20 to 30 
minutes indicating that little or no plastic flow occurs at this density of cross- 
linking. The higher radiation dose chosen (40 Mrad) had previously been 
found to be the most useful dose for radiation curing and corresponds approxi- 
mately to a rubber fully cured by conventional means. The values of M, de- 
duced from this curve are given in Table I. 

Oriented sheet-—Some of the original material was also irradiated without 
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Fria. 2.—20 Mrad oriented rubber. 
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Fre. 3.—40 Mrad oriented rubber. 


prior annealing. The total radiation time for the same dose was extended over 
several hours to ensure that no appreciable temperature rise occurred which 
might allow some reorientation or annealing. From the irradiated sheet, 
standard dumbbells were cut parallel, at right angles and at 45° to the direction 
of orientation. These dumbbells were tested in the same way as the annealed 
material. The relevant stress/strain curves are given in Figures 2 and 3. 
Two radiation doses were given, 20 and 40 Mrad, and, in the case of the 40 


Tas_e II 


Tensile 
strength 
cale. on 
Direction of initial 
stretching Elongation 
w.r.t. i at break, 
Treatment orientation 


Oriented Parallel 
Oriented Perpendicular 
Oriented 45° 

Oriented Parallel 
Oriented Perpendicular 
Oriented 45° 

Annealed 

Annealed 
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Mrad sample, points are shown at high elongations to indicate the onset of 
crystallinity values. 

In addition to the stress/strain data, tensile strength and elongation at 
break were also measured (Table II). In each case the tensile strength is cal- 
culated in terms of the initial cross-sectional area. For the 20 Mrad sample, 
in the direction of orientation, fracture occurred at a load of 10 kg/cm? and 
an elongation of 250 per cent, corresponding to a breaking load (calculated on 
the final cross-section at break) of about 35 kg/cm*, whereas at right angles to 
the direction of orientation tensile strength was 75 kg/cm? and the elongation 
at break 1300 per cent, corresponding to a breaking load of about 1050 kg/ 
em’. For the annealed material with no orientation, the corresponding figures 
were 80 kg/cm? at 1300 per cent elongation with a breaking load of 1120 kg/cm*. 
Attempts were made to observe the orientation directly by x-ray diffrac- 
tion but the degree of orientation both initially and after irradiation was in- 
sufficient to produce any dissymmetry in the intensity of the usual halo pattern. 


CROSSLINKING EFFICIENCY 


Previous data on the average energy absorbed per crosslink formed were 
given for specimens subjected to atomic pile radiation in the B. E. P. O. pile at 
Harwell. The data obtained were as follows: 1.1 per cent of the isoprene units 
were crosslinked per unit pile dose (value deduced from swelling in decane) ; 
0.7 per cent of the isoprene units per unit pile dose (deduced from the elastic 
modulus at low elongation). 

Unit pile dose is defined as a slow neutron flux of 10'’ per cm? plus the 
associated fast neutron and gamma radiation. Comparative measurements 
on the degradation or crosslinking of polymethyl methacrylate, polyisobutylene, 
and polyethylene by pile radiation and by gamma radiation show that for these 
materials one pile unit is approximately equivalent to 45 Mrad of gamma radi- 
ation. It is usual to give radiation induced reactions in terms of a G value, 
which is defined as the number of chemical changes of a given type produced 
per energy absorption of 100 ev. By definition, a radiation dose of one meg- 
arad corresponds to an energy absorption per gram of 0.625 X 10” ev per 
gram so that, using the above equivalent, one pile unit would correspond to a 
total energy absorption of about 28 X 10” ev per gram. 

Per 100 isoprene units of total molecular weight 6800, the energy absorbed 
corresponding to one pile unit would be 6800 x 1.66 x 10~* x 28 x 10” or 
31.8 ev. Since there are two crosslinked isoprene units for every crosslink, the 
G value for crosslinking by pile radiation is 1.7 (decane swelling measurements) 
and 1.1 (elastic modulus measurements). 

In the present experiments, the value of M, deduced from the annealed 
samples was 1.15 X 10* (169 isoprene units) for an electron radiation dose of 
40 Mrad. For this high radiation dose, end effects are relatively unimportant; 
the number of chains between crosslinks is equal to the number of crosslinked 
units and is twice the number of crosslinks. The energy absorbed per chain of 
molecular weight M, is 40 X 0.625 K 10” x 1.15 x 104 X 1.66 K 10-™” or 
47.7 ev. The energy absorbed per crosslink is therefore 95.4 ev and the G 
value per crosslink is 1.05 in good agreement with the previous value based on 
the elastic modulus. This agreement is perhaps better than might be expected 
in terms of the accuracy of dosimetry and of the different methods of measur- 
ing crosslinking. It does, however, indicate that the effect of pile radiation is 
similar to that of electron radiation, depending only on the energy absorbed and 
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not on the type of radiation (fast neutrons and gamma radiation in the pile, 
electron radiation in the present work) nor does it depend on the rate of delivery 
which was about 3 Mrad per hour in the atomic pile as against intermittent 
pulses each of 1 Mrad per second in the electron beam. 

For the oriented specimens, the above theoretical formula does not apply 
but it can nevertheless be used to give an ‘‘equivalent’’ value of M,.. The 
values deduced using this formula are given in Table I. From them, the G 
values for “equivalent” crosslinking are deduced. 

The G values for the lower radiation doses are less reliable than for the 40 
Mrad specimens owing to the increased importance in the former case of end 
effects due to the finite initial molecular size. The values obtained for the 40 
Mrad oriented sample straddle the value obtained for the unoriented material 
subjected to the same radiation dose. 


DISCUSSION 


The linear relationship observed between the applied stress and the elonga- 
tion function (a — 1/a’) is found to hold over a considerable range of exten- 
sions up to the point at which crystallinity intervenes. This is a direct con- 
firmation of the network theory of elasticity. 

The molecular orientation present in the original rubber used in these tests 
arises from the entanglement of molecules (and possibly partial crystallinity) 
introduced during the fabrication process. It is not due to a small amount of 
crosslinking or vulcanization since the initial material is readily soluble; more- 
over, when the specimen is heated to allow molecules to become free of their 
entanglements and crystalline regions, these molecules move to positions of 
greater entropy, the specimen changes dimensions and loses its anisotropic 
character. 

In irradiated oriented rubbers, this is not the case and the orientation ac- 
quired is permanent in character. During irradiation, no significant change 
in dimensions is observed, nor does any such change occur when an irradiated 
sample is heated for 20 minutes at 90° C. In this case, the anisotropy is per- 
manent and must arise from the location of the crosslinks which are distributed 
at random within an oriented medium. 

There is as yet no evidence that the density of crosslinking of a long-chain 
polymer is affected by either its degree of crystallinity or stress ina chain. All 
isoprene units in a rubber specimen are equally likely to become crosslinked 
and the average molecular weight M, between successive crosslinked units 
cannot depend on the chain orientation. One possible explanation of the ob- 
served anisotropy is that the effectiveness of such links may be different. In 
an unoriented molecule, the chain will be doubled back on itself a number of 
times and some links will be formed between units of the same molecules. 
These will produce closed loops, with little effect on the elastic properties of the 
material. Ina stretched polymer molecule the probability of such closed loops 
being formed is considerably reduced, whereas in a compressed polymer mole- 
cule this probability is increased. The effect of such loops will be to stabilize 
the oriented structure initially present. Nevertheless one would expect some 
degree of relaxation when the effect of entanglements is eliminated by heating 
or swelling. In fact, a crosslinked oriented rubber when swollen in a good 
solvent which is subsequently evaporated or displaced returns to its initial 
(oriented) dimension, indicating the absence of any internal stresses due to 
chain entanglements. That no appreciable relaxation takes place may be as- 
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cribed to chain scission. Although irradiation of rubber results primarily in 
crosslinking, presumably by side chain fracture, some main chain fracture of 
C—C bonds may be expected to arise. In an unstressed chain such fractures 
would have a chance to re-form, and no permanent effect would be noticeable. 
In a stressed chain fractured bonds would be less likely to recover in this man- 
ner and the radicals formed as the result of such breaks would be likely to link 
themselves to other chains where no such stresses are present. This stress re- 
laxation phenomenon, which occurs in other polymers, would also account for 
the observed difference between polymers which crosslink and those which 
degrade: the latter usually have bulky side chains which cause internal stresses 
in the molecule. 

In conformity with this view, a more highly irradiated rubber (40 Mrad) 
shows less anisotropy in its mechanical properties, possibly due to the larger 
number of radiation induced fractures which allow stress relaxation to occur. 

The comparison of G values for crosslinking by electron irradiation, and for 
pile radiation, confirms the conclusion previously reached that crosslinking 
depends only on the energy absorbed and not on the type of radiation or its 
intensity. The G value obtained is only one-third of that observed in the cross- 
linking of paraffins and this would tend to disprove the view recently advanced 
that crosslinking arises from the presence of unsaturated C=C bonds which 
predominate in rubber and are almost completely absent in polyethylene. 


SUMMARY 


Smoked sheet rubber, previously oriented in the calendering process, was 
crosslinked by exposure to 2 Mev high energy electrons in the absence of 


vulcanizing agents. Even after annealing, the resultant rubber showed aniso- 
tropic elastic properties, having a high elastic modulus and a low elongation at 
break in the direction of orientation. It is suggested that radiation in addition 
to crosslinking causes main chain fracture and stress relaxation in stressed 
molecular chains. The G value for crosslinking (1.05) by electron irradiation 
agrees well with that (1.1) previously found by elastic measurements of pile 
irradiated rubber. 
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A NEW METHOD FOR DETERMINING THE 
VULCANIZATION CHARACTERISTICS OF 
RUBBER COMPOUNDS * 
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TECHNICAL APPLICATIONS 
Division, FARBENFABRIKEN Bayer, A.-G., Leverkusen, GERMANY 


INTRODUCTION 


During vulcanization, a rubber compound passes from the plastic to the 
elastic state. Examination of the course of the vulcanization curve shows two 
factors of particular importance: (1) the time at the processing temperature 
for scorching to set in, and (2) the time at vulcanization temperature to reach 
the optimum state of cure. Of these two factors, a knowledge of the conditions 
for optimum vulcanization, on qualitative and technical grounds, is especially 
essential. 

The optimum vulcanization period is normally determined in two separate 
procedures: (1) the preparation of testpieces which are vulcanized for different 
periods of time (step cures), and (2) determination of certain characteristic 
properties of these testpieces. 

First of all, static tests are made on the testpieces, for instance of the modu- 
lus, tear resistance, tensile strength, hardness and elasticity all at normal and 
elevated temperatures. Also dynamic properties such as damping and E-mod- 
ulus are measured in order to help fix the optimum cure of the material. Other 
methods such as determination of the equilibrium swelling of the samples, are 
also used!, 

The method of determining the best cure by step cures is not very satis- 
factory because a great many testpieces must be processed in order to fix the 
course of the vulcanization curve. Therefore a method was sought which 
would permit the continuous measurement of one or more characteristic prop- 
erties on one sample during the process of vulcanization. In this way, the 
course of the vulcanization curve and the conditions of the optimum cure can 
be determined. Such a test method must be applicable in the plastic as well as 
in the elastic region and at the temperature of vulcanization. Static test 
methods were practically ruled out because large irreversible deformations are 
associated with their application. It seems possible, however, to apply dy- 
namic test methods, wherein a deformation produced in one phase would have 
no effect in the next phase. 

Dynamic test methods for defining the elastic properties of vulcanizates 
were described by H. Roelig, and their usefulness explained by him and other 
authors*-*. In the Roelig method of testing (Figure 1) a test sample, usually 
under precompression load, is subjected to an alternating load. .A beam of 
light, activated with the aid of two rotational mirrors, is deflected by the alter- 


Translated for Runser Cuemistry anD TecuNno.toay by W. D. Wolfe from Kautschuk und Gummi, 
Vol, 10, No. 7, pages WT 168-172 (1957). 
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nating mechanism; vertical movement is proportional to deformation and 
horizontal to load. The beam of light describes a true hysteresis loop on a 
plane, with load on the horizontal and strain on the vertical axis. The area of 
the damping loop corresponds to the absolute damping; the ratio of the area 
under the damping loop to that of the energy triangle under the ellipse gives 


Statische Vorspannung 


Dynamische Beanspruchung 


Statische 
Vorspannung Freq Mischung ( Harte ) 
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Gummiprobe 


Fig. 1.—Apparatus for measuring damping, ot ny, system. Druck = pressure. Zeit = time. 
Dynamische beanspruchung = dynamic load. Statische Vorspannung = static preload. Frequenz = 
frequency. Mischung (Harte) = composition (hardness). Vorspannfeder = prestress spring. Schwinger 
= vibrator. Dynamometer = dynamometer. Gummiprobe = rubber testpiece. 


per cent damping; the slope of the damping ellipse gives the dynamic hardness 
(spring constant). Corresponding measurements on vulcanizates subjected 
to pretension were described by R. Ecker’. 


METHOD OF MEASUREMENT 


Measurement of the course of vulcanization curves involves characterizing 
vulcanizates as well as unvulcanized compounds and all intermediate stages. 
For this reason, measurements under tension or compression seemed not too 
promising. In order to attain a maximum of gripping friction and a minimum 
of irreversible deformation it was found bes to make measurements on rubber 
vulcanizates under shear at about the zero point of distortion. Measurements 
made by Ellegast and Juffa on the reaction rate of Vulkollan under other load- 
ing conditions, carried out parallel to our investigations, will be reported sep- 
arately. 

In the work at hand, a testpiece is clamped in the apparatus, subjected to a 
dynamic shearing deformation and the resisting force of the sample is meas- 
ured. In the case of an unvulcanized compound, as a result of the plastic de- 
formation, only a relatively small force is observed, but in case of a hard vul- 
canizate, a decidedly larger force is transmitted (corresponding to its higher 
shear modulus). This is apparent from Figure 2. As is easily seen, it is not 
only possible to measure the force transmitted by the testpiece—a measure- 
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Null -Lage 


Konstante 
dynamische 
Verformung 


Fic. 2.—Principles of the measuring arrangement and deformation process with unvulcanized com- 
pounds and with vulcanizates. Null-Lage = zero deformation. Konstante dynamische verformung = 
constant dynamic deformation. Weitere gegebene Krifte = transmitted forces; large in case of vulcani- 
zates and small in unvulcanized mixtures. 


ment of the shear modulus—but also to measure the damping. The curves for 
damping and for shear modulus have an inverse relation. In the soft range the 
damping is quite high and the shear modulus is very small, while the relations 
are reversed in case of a vulcanized sample. Since both values—damping and 
shear modulus—are of equal value in estimating the state of vulcanization, 
only the shear modulus was determined for this work because in this way the 
test procedure was greatly simplified. The arrangement of the apparatus is 
shown in Figure 3. 


Fre, 3,—Arrangement of apparatus for measuring optimum cure, 
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In order to follow the relations in the plastic as well as in the elastic range 
it was necessary to consider the dependence of the plastic-elastic behavior on the 
speed of deformation. Soft materials subjected to high rates of deformation 
may react as hard bodies (when the speed of deformation is greater than the 
velocity of flow). Figure 4 shows clearly that the velocity dependence for an 


Schub-Modul C kg/em? 


15 20 25 
Frequenz ( Hz] 


Fic. 4.—Dependence of the shear modulus u* unvulcanized compounds and of vulcanizates on rate of de- 
formation. Ordinate is shear modulus (kg/cm?) and abscissa is frequency of vibration, cps. 


unvuleanized compound is considerably greater than for a vulcanizate. In 
order to make a sharp differentiation between the plastic and elastic states, as 
low as possible a rate of deformation, that is a low frequency was chosen. For 
a given amplitude a low frequency corresponds to a low speed of deformation. 
In the following examples measurements were made at an amplitude of 0.25 mm 
and a frequency of 0.5 eps. 


Pruftemperatur: + 151°C 


~ 


Schub- Modul C kg/cm?) 
n 


n 


20 40 60 80 100 120 
Vulkanisationszeit C mind 


—The course of vulcanization for natural rubber compounds, with ane without fillers. Tested at 
Pres ie C, The ordinate is shear modulus (kg/cm?) and the a! ‘is time of vulcanization (minutes). 
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ILLUSTRATIVE APPLICATIONS 


Natural rubber, unfilled and with various fillers —The compounds were: 


Smoked sheet 
a oxide (active) 


Sulfur 

Vulkacit CZ* 

Stearic acid 

Barite (heavy spar) 
Carbon black (inactive) 
HAF black 

Paraffin ‘ 

Age Resistor, PAN ** 


rol | | Hones > 
ounce 
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on 
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* N-Cyclohexyl-b thiazolyl-2-sulf 


** Phenyl-l-naphthylamine. 
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Figure 5 shows the values obtained with the above compounds, measured at 
151° C. The reversion, typical of natural rubber when the optimum cure is 
It is well known that the course of the vulcaniza- 
tion curve is strongly dependent upon the accelerator used. 

Cold rubber, unfilled and with various fillers —The compounds used here were: 


exceeded is clearly indicated. 


Cold rubber 

Zinc oxide (active) 
Sulfur 

Vulkacit CZ 
Stearic acid 


Barite 

Carbon black (inactive) 
HAF black 

Paraffin 

Age Resistor, PAN 
Naftolen ZD* 


E 
100. 
5. 
1. 
1. 
1. 
0. 


ou 
| 


oouw 


* A paraffin—containing mineral oil product. 
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Figure 6 shows the values obtained with these compounds when tested at 
151°C. The graphs show the absence of the reversion shown with natural rub- 


ber, and the curves take another course. 


While natural rubber shows a definite 


optimum, the cold rubber compounds show a slow post vulcanization after the 


optimum cure is reached. 


Polychloroprene compounds, unfilled and with various fillers —Here the com- 


pounds of interest were: 


Polychloroprene 
Zine oxide (active) 


Magnesium oxide (extra light) 


Vulkacit NP* 
Stearic acid 


Barite 

Carbon black (inactive) 
Paraffin 

Age Resistor PAN 


* A triazine derivative. 
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Fic. 6.—The course of vulcanization for cold rubber compounds, with and without fillers. 
ested at 151° C. Coordinates are as in Figure 5. 


Figure 7 gives results of tests at 151° C on the above compounds. The 
course of the vulcanization curves appears quite similar to that for the cold 
rubber compounds if one disregards the enhanced susceptibility to vulcaniza- 
tion and the consequent faster curing. Also with these compounds in contrast 
to those with natural rubber, no reversion is shown. 

Natural rubber compounds with various sulfur and accelerator contents.—The 
natural rubber Compound B with Barite and Vulkacit CZ was made with three 
different sulfur levels: 

M N 

Smoked sheet 
Zinc oxide (active) 
Sulfur 

Vulkacit CZ 
Stearic acid 

Barite 

Paraffin 

Age resister PAN 


— 


B 
00.0 
5.0 
2.5 
0.5 
1.0 
50.0 
0.5 
1.0 


T 
Pruftemperatur : 


Schub-Modul C kg/cm?) 


@ 


20 40 60 60 100 120 
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Fie. 7.—The course of vulcanization for polychloroprene compounds, with and without fillers. 
Tested at 151° C, Coordinates are as in Figure 5. 
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Pruftemperatur + 151°C 


Schub-Modul kg/cm?) 
n 


. 


B 


c 20 40 60 80 100 120 
Vulkanisationszeit min 


Frio. 8.—The course of vulcanization for natural rubber compounds with Vulkacit CZ and various amounts 
of sulfur. Temperature 151° C. Coordinates are as Figure 5. 


Figure 8 gives data taken at 151° C on the resulting compounds. The shear 
modulus is increased perceptibly by increase in sulfur content, yet the speed of 
vulcanization is not particularly changed thereby. The influence of the ac- 
celerator on the course of the vulcanization curve is clearly shown here. The 
same compounds as above, but with 0.5% Vulkacit thiuram show a quite differ- 
ent course, but the dependence on sulfur content is much the same. Figure 9 
shows this effect in the following compounds: 

P Q 
Smoked sheet 
Zine oxide (active) 
Sulfur . 3.5 
Vulkacit thiuram* 
Stearic acid 
Barite 
Paraffin 
Age Resistor PAN 
* Tetramethylthiuram disulfide. 


T 
Priiftemperatur : + 151°C 
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® 


0 20 40 60 60 100 120 
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Fie, 9.—The course of vulcanization for natural rubber compounds, at 151° C, with Vulkacit thiuram and 
various amounts of sulfur. Coordinates are asjin Figure 5. 
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Priiftemperatur: + 151°C 
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Fie. 10.—The course of vulcanization for natural rubber compounds without sulfur, but with Vulkacit 
thiuram and dicumyl peroxide, respectively. Tests at 151° C. Coordinates are as in Figure 5. 


Quite a different course for the vulcanization curve is shown for sulfurless 
cures, both in the presence of Vulkacit thiuram and dicumy] peroxide. In these 
cases, the curves show similarity to those for synthetic rubber. Figure 10 
shows the curves for the following mixtures, tested at 151° C: 


Smoked sheet ; 
Zinc oxide (active) 
Vulkacit thiuram 
Di-Cup 40 C* 
Stearic acid 

Barite 

Paraffin 

Age Resistor PAN. 


* 40% Dicumyl peroxide in calcium carbonate. 
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121°C 


+ 151°C 


Schub- Modul Ckg/em? J 
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Fria. 11.—The course of vulcanization for a natural rubber—inactive carbon black compound, with Vulkacit 
CZ, at different temperatures. Coordinates are as in Figure §. 
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Mooney - Einheit 


T 
Materiat C Pruftemperatur + 121°C - 


Schub- Modul 


Schub-Modul [ kg/em?) 


0 5 30 “5 60 
Vulkanisationszeit min J 
Fie. 12.—Comparison of the rate of vulcanization measured at 121° C, with Mooney values at the same 


temperature. The ordinates are (1) Shear modulus (kg/cm?) and (2) Mooney units. The abscissa is time 
of vulcanization (minutes). 


Dependence of the course of vulcanization on temperature.—-The previously 
shown curves were all for measurements taken at 151° C. It is possible to 
determine the vulcanization curves at other temperatures. In Figure 11 are 
given curves for Compound C taken at different temperatures. Compound C 
contained inactive carbon black and Vulkacit CZ. These curves show clearly 
the variations of the course of the curves with temperature. The lower part 
of the curve for 121° C is quite similar to the curves secured for the same com- 
pound with the Mooney apparatus at 121° C. This is shown in Figure 12. 


AGREEMENT WITH VALUES OBTAINED BY THE STEP-CURE PROCESS 


The dynamic shear modulus is somewhat comparable to the tensile modulus. 
The values for shear modulus given in the preceding data compare favorably 


T T 
Pruftemperatur + 151°C 


Schub- Modul (kg/cm?) 
ow n 


Schud - Modu! 
= Modul 300%. 


20 60 100 120 
Vulkanisationszeit min 
RY. 13.—Agreement of shear moduli measured at ea MT with the 300% moduli measured on step- 


samples. Natural rubber compounds B and M were t The ordinates are (1) Shear modulus and 
300% (kg/em*). The abscissa is ane of vulcanization (minutes), 
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Pruftemperatur + 151°C 


Modu! 300°, kg/cm? J 
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Fie. 14.—Agreement of shear modulus values measured at 151° C, with 300% moduli of step-cured samples 
of natural rubber compounds O and Q. Coordinates are as in Figure 13. 


with corresponding tensile moduli. Without discussing the subject of which 
method shall be used for determining the optimum cure, it is evident that the 
values obtained (above) are comparable with the values of the moduli (at 
300%). The agreement is shown in the data for Compounds M, B, Q, O, G, and 
H as set forth in Figures 13, 14 and 15. The agreement is especially apparent 
in the characteristic course of the curves in Figures 13 and 14. 


REPRODUCIBILITY 


The test data obtained with the method here described are quite reproduci- 
ble. Figures 16 and 17 show test data obtained with Compound C. Figure 16 
shows data obtained by three different persons on the same mixture, while 
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Fie, 15.—Agreement of shear modulus values measured at 151° C, with the — moduli on step-cured 
cold rubber mixtures G and H. Coordinates are as in Figure 13. 
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T 
Material-C Priftemperatur + 151°C 
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Fic. 16.—Natural rubber eperens C measured by three different persons. Temperature 
°C. Coordinates are as in Figure 5. 


Figure 17 shows data obtained by one person on the compound prepared by 
three different operators. Good reproducibility can be noted in the curves. 


SUMMARY 


The complete course of the vulcanization curve is obtained by measuring 
the values of the dynamic shear modulus during a period while the test sample 
is held at the vulcanization temperature. The measurements are made about 
the position of zero distortion. The curves are in good agreement with those 
obtained by a step-cure method, and scorch data agree well with those obtained 
with the Mooney apparatus. The method has the following advantages and 
disadvantages. 


T T 
material: C Priiftemperatur + 151°C 
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Fie. 17.—Natural rubber ee Cp peed by three different persons, using the same raw materials 
and same mil time an Coord are as in Figure 5. 
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A. Advantages 


1) The course of the vulcanization curve is established on a single sample 
without curing in stages. 
Minimum material is required. 
The test is quickly performed. 
Good reproducibility is observed. 
The unit lends itself readily to automatic recording so that one man can 
easily operate several instruments. 


. Disadvantages 


1) The apparatus should be operated by trained workers. 
2) The cost of the apparatus is rather high. 
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THE VULCANIZATION OF ELASTOMERS. 13. 
THE VULCANIZATION OF NATURAL RUBBER 
WITH SULFUR IN THE PRESENCE OF 
MERCAPTOBENZOTHIAZOLE. 


O. LoRENz AND ELISABETH EcHTE 


Tae Tecuniscue Hocuscuute, HANNOVER 


INTRODUCTION 


Recently' we reported the kinetics of mercaptobenzothiazole-accelerated 
sulfur vulcanization of natural rubber from an investigation limited to mixes 
containing, in addition to sulfur and zine oxide, mercaptobenzothiazole or its 
zine salt. Among other things we discovered that the decrease in concentra- 
tion of sulfur in such mixtures, as well as crosslinking measured by reciprocal 
equilibrium swell, were first order reactions and, what is more essential, that 
they are processes of equal rate. A further important result was the finding 
that mercaptobenzothiazole and zinc benzothiazolyl mercaptide had the same 
accelerating effect. The velocity constants for sulfur decrease and of cross- 
linking increase were independent of the amount of added accelerator at con- 
stant temperature provided, of course, that a minimum amount of mercapto- 
benzothiazole or its zinc salt, precisely, the amount consumed during vulcani- 
zation was added. This quantity is temperature dependent. 

Now it is generally known that the physical properties of vulcanizates con- 
taining mercaptobenzothiazole or other thiazoles as accelerators can be im- 
proved by adding zinc salts of fatty acids or, if zinc oxide is present, by using 
the corresponding fatty acids. We have therefore extended our investigations 
to include mixtures containing zinc stearate in addition to sulfur, zinc oxide and 
mercaptobenzothiazole, and have investigated more thoroughly the kinetics 
of the decrease of sulfur and accelerator and the increase of crosslinking under 
different experimental conditions. 


EXPERIMENTAL 


The investigations were again carried out with pale crepe natural rubber ex- 
tracted for 48 hours with acetone. The mixes contained, each time, 3.2 g sul- 
fur, 4.07 g zine oxide and varying amounts of mercaptobenzothiazole and zine 
stearate in 103 g of the total mixture. We have already described in detail 
the preparation of the vulcanizates, their extraction, and the quantitative 
determination of free sulfur and unused accelerator in the extracts, as well as 
the determination of equilibrium swelling’. 


* Translated by = Leuca for Rusper Cuemistry anv Tecuno.oey, from Kautschuk und Gummi, Vol. 


10, No. 4, pages 1-88, April, 1957. This article was originally translated for The Goodyear Tire and 

Rubber Co. and appears here with slight modifications. A table of analytical data has been omitted. 

This gave the per cent free sulfur and unreacted accelerator as well as the reciprocal of equilibrium swell for 

— tion times at 120° C for variations in the initial amounts of zinc stearate and mercaptobenzo- 
ole. 
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RESULTS AND DISCUSSION 


The kinetics of the decrease of sulfur and accelerator, and increase of crosslink- 
ing.—The mercaptobenzothiazole-accelerated vulcanization of natural rubber 
with sulfur in the presence of zine stearate was studied in mixes containing 3.2 
g sulfur, 2.09 g mercaptobenzothiazole (molar ratio Ss: mercaptobenzothiazole 
= 1:1), 4.07 g zinc oxide and 3.0 g zine stearate. Experiments were conducted 
over a temperature range of 90° to 140° C. In Table I results of the quantita- 


TABLE I 


Sutrur Cure or. NaturRAL RUBBER IN THE PRESENCE OF MERCAPTO-— 
BENZOTHIAZOLE, Zinc OxIpE, AND Zinc STEARATE 


Composition of mix: 3.20 g sulfur, 2.09 g mercaptobenzothiazole, 4.07 g zinc oxide, 
3.00 g zinc stearate, and 90.64 g natural rubber. Vulk.-Z. = vulcanization time. 
Ungeb. S = free sulfur. Unverbr. Beschl. = unused accelerator. Benzol = benzene. 


90° C 
Vulk.-Z. [min] 100 = 200 300 400 500 
% Ungeb. § 83.8 68.7 54.2 38.0 26.8 


&% Unverbr. Beschl. 92.7 903 885 86.2 84.7 82.7 
1/Q,(Benzol) 0.0585 0.183 0.236 0.2665 0.2855 0.2965 0.309 


100° C 

Vulk.-Z. [min] 

% Ungeb. 8 

Unverbr. Beschl. A . 3. 79.0 
110°C 


Vulk.-Z. [min] 

% Ungeb. 8 

% Unverbr. Beschl. 93. 

1/Q,(Benzol) 0.0415 0.184 
120° C 

Vulk.-Z. [min] 10 20 
% Ungeb. § 89.3 65.7 


% Unverbr. Beschl. 93.7 
1/Q, (Benzol) 0.0513 0.183 


130° C 
Vulk.-Z. [min] 10 15 
% Ungeb. § 98.4 72.3 


% Unverbr. Beschl. 95.5 
(Benzol) 0.1805 


140° C 
Vulk.-Z. [min] 10 15 
% Ungeb. § 65.1 42.1 


Unverbr. Beschl. 93.0 87.7 
1/Q, (Benzol) 0.1495 0.221 


oon 


0 
0.295 


—) 
g RESs 


o 
oro 


0 79.0 
0.2455 0.258 


tive analyses of the extracts are assembled. Uncombined sulfur and recovered 
accelerator are entered in per cent of the initial amounts. 

The sulfur disappearance once again proceeds according to the first order, 
for when the log of the uncombined sulfur is plotted against the vulcanization 
time, straight lines are obtained (Figure 1). It is noteworthy, however, that 
an induction period occurs which increases as the temperature falls, and amounts 
to about 120 minutes at 90° C. At the start of vulcanization, it causes a slight 
deviation in sulfur disappearance from a first order course. It must be stressed, 
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Fie. 1.—First order plots of sulfur disappearance in MBT accelerated sulfur curing of natural rubber in the 
presence of zinc oxide and zine stearate. Vulkanisationszeit = vulcanization time. 


however, that the induction period is also dependent on the experimental mix- 
ing conditions. It will be proportionately smaller as the time of milling is 
lengthened and the milling temperature is raised. 

A comparison of the rate constants k,!, calculated from the slopes of the 
straight lines in Figure 1, with corresponding values for sulfur-diminution rate 
constants in the absence of zine stearate (Table II) shows that the stearate 
induces a considerable rise in the reaction rate. One finds that at 90° C the 
rate constants differ by about a factor of 50. With rising temperature, this 
factor diminishes markedly so that at 140° C it amounts only to 8. From this 
it is seen that vulcanization in the presence of stearate displays a different acti- 
vation energy from that arrived at from the temperature dependence of sulfur 


TaBLe II 
ComPILATION OF Rate CoNnsTANTS AND ACTIVATION ENERGIES 


Zusammensetzung der Mischung = composition of mixture, Kautschuk = rubber. 


3.20 g Schwefel 3.20 g Schwefel 
2.09 g Mercapto- 2.09 g Mercaptobenzothiazol 
Zusammen- benzothiazcl 4.07 g Zinkoxyd 
setzung 4.07 g Zinkoxyd 3.00 ¢ Zinkstearat 
der Mischung 90.64 g Kautse uk 90.64 Kautschuk 


-102 
{min 


Ea[keal/Mol 
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5 

Vulk,-Temp. 102 kpt-102 

90 0.33 0.30 0.50 a 

100 0.70 0.68 1.14 7 

110 0.06 0.06 1.31 1.29 2.47 =: 
120 0.15 0.15 2.60 2.79 5.28 = 
130 0.46 0.51 4.95 4.79 7.62 eS 
140 1.23 1.18 9.20 9.20 17.70 Bc 
150 2.70 2.79 = 
30.5 30.5 19.5 19.5 20.5 
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disappearance in cures taking place in the presence of mercaptobenzothiazole 
and zinc oxide alone. Thus the relationships are completely changed. 

Figure 2 (ordinate:log ks! or log kg'; abscissa: 1/7'-10*) represents the 
temperature dependence of the rate constants in cures accelerated by mercapto- 
benzothiazole and zine oxide, in the presence or absence of zine stearate 
(Curves I and II, respectively). From the slope of Curve I an activation 
energy of 29.5 kcal/mole is obtained, whereas a considerably smaller value of 
19.5 kcal/mole is derived from Curve II. The decline in activation energy for 
the conversion of sulfur occasioned by the addition of zine stearate is hence 


150° 120° 10° 


33 24 26 7 2s 
Absolute reziproke Temperatur + -10° 


10° 


Fia. 2.—The temperature dependence of the rate constants. Curve I: Sulfur disappearance in the 
presence of mercaptobenzothiazole and zine oxide. Curve II: Sulfur (O) and accelerator diminution (X) 
in the presence of mercaptobenzothiazole, zine stearate and zinc oxide. Curve III: Reciprocal equilibrium 
swelling in the presence of mercaptobenzothiazole, zinc stearate and zinc oxide. Vu kanisationszeit = 
vulcanization time. 


considerable and must certainly be regarded as proof of a catalytic effect of the 
stearate. Since this effect, as will be explained later, is connected with the 
presence of mercaptobenzothiazole, it can be presumed that the effective accel- 
erator is composed of mercaptobenzothiazole and zinc stearate. 

Of great interest, naturally, is the answer to the question as to how the 
altered kinetic relationships of sulfur-diminution influence crosslinking, of 
which the reciprocal values of the equilibrium swellings of the vulcanizates 
(T = constant) are a measure. An analysis of the change in the reciprocal 
equilibrium swelling, 1/Q., during vulcanization as a function of vulcanization 
time shows that the crosslinking can once again be described as a first order re- 
action. This is seen from Figure 3 [ordinate (logarithmic):1/Q,. —1/Q:; 
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abscissa: vulcanization time ¢ in minutes]. At all temperatures straight lines 
are obtained with great accuracy. 

In determining 1/Q,, it must be pointed out that in the experiments discussed 
here the values of 1/Q, for vulcanizates having a very long curing time were in 
general constant, so that a special determination of 1/Q,, by extrapolation of the 
values for equilibrium swelling could be dispensed with. In other cases 1/Q, 
was obtained by plotting log 1/Q, against the reciprocal vulcanization time and 
extrapolating the curves thus obtained to intersect the ordinate. The rever- 
sion of crosslinking observed in certain cases was not taken into consideration 
when 1/Q,. was derived!'. 
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Fig. 3.—First order reciprocal o_o swelling in mercaptobenzothiazole-accelerated sulfur curing of 
natural rubber in the presence of zinc stearate and zinc oxide. 


A calculation of the rate constant kg! from the slope of the straight lines in 
Figure 3 shows then—and this must be especially emphasized—that reciprocal 
swelling and sulfur disappearance are not equal rate processes, which, however, 
was always the case in the absence of zinc stearate. For kg! is in each instance 
larger than ks! each time by an approximately constant factor of about 2. 
The activation energy of the network forming reaction was found, from the 
temperature dependence of the rate constant kg! (Curve III in Figure 2), to be 
20.5 kcal/mole. Gee and Morrell’ have already pointed out that in compounds 
containing zine stearate, the first order increase in combined sulfur and the 
crosslinking reaction, which could also be described as first order reactions ac- 
cording to their experiments, are not equal rate processes. For the compounds 
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Fic. 4.—Disappearance of MBT accelerator during sulfur cure of natural rubber in the presence of zine 
stearate and zine oxide. Vulkanisationszeit = vulcanization time. 


they investigated the rate constants kg! and ks! differed by a factor of 3. For 
the crosslinking activation energy they found 18 kcal and for the reaction of 
sulfur with rubber 20 kcal, values that agree very well with those we obtained. 

The per cent diminution in accelerator with the curing time is given by the 
third line for each temperature in Table I. A graphic representation of the 
relationships is seen in Figure 4 (ordinate: amount of unused accelerator still 
present, in per cent; abscissa: cure time, ¢, in minutes). The sum of the mer- 
captobenzothiazole and zinc benzothiazolyl mercaptide was once again deter- 
mined without establishing how the sum is made up from the two components. 
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Fia. 5.—First order disappearance of accelerator (maximum accelerator consumption = 100). Vulkan- 
isationszeit = vulcanization time. 
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A closer look at Figure 4 will show that the maximum diminution in accelerator 
is practically independent of the temperature. At each vulcanization temper- 
ature, eventually, the same terminal concentration of the accelerator occurs. 
It varies between 78 and 82 per cent of the initial quantity, i.e., under the 
experimental conditions chosen, about 0.4 g of mercaptobenzothiazole was 
used up. It may be mentioned right here that a change in the amount of 
added stearate does not affect this result. 

In this vulcanization, too, the disappearance of the accelerator is tied in 
with the sulfur reaction; for, from Curve V in Figure 4 it can be seen that 
after about 100 minutes at 130° C no more accelerator is used up. In reality 
the sulfur diminution is practically at an end after this time (cf. Table I). 

A kinetic analysis of accelerator diminution, made more difficult, certainly, 
by the relatively small amount used up, viz., about 20 per cent of the amount 
put in, and by the proportionately not inconsiderable analysis error (1-2 per 


III 


ComPILATION OF Rate CoNSTANTS FOR SuLFUR DiIMINUTION (ks!) AND NETWORK 
FORMATION (CROSSLINKING) (kg!) aT 120° C ror Various INITIAL AMOUNTS OF 
ZINC STEARATE AS A FUNCTION OF THE MERCAPTOBENZOTHIAZOLE 
Content (MBT) 


1 g Zinkstearate 2 g Zinkstearate 
MBT kat +102 kat: 10? MBT ket kqt-10? 
2.09 1.59 3.77 0.53 0.84 1.38 
1.06 1.38 2.34 
1.59 1.98 3.65 
2.09 2.26 4.42 
3.17 2.25 4.60 
4.23 2.19 4.47 
Zinkstearate 5g Zinkstearate 
kal 102 10° “MBT ket -102 kat 
(min™] g Cmin~] 
0.792 1.10 2.32 1.32 2.13 2.75 
1.585 2.24 4.26 2.64 3.43 4.77 
2.09 2.60 5.28 3.96 4.76 5.98 
3.17 3.78 6.39 5.28 6.58 7.54 
3.96 3.52 6.57 6.60 6.50 8.07 
4,755 3.83 6.53 7.92 6.32 7.88 


cent), will, however, demonstrate that this is a first order reaction, as can be 
seen from Figure 5. From the calculated rate constants kg! it is evident that 
sulfur loss and accelerator consumption are equal rate processes (cf. also Curve 
II in Figure 2 and Table II). On the basis of the constant limiting value of 20 
per cent diminution in the accelerator and the rate equivalence of the two proc- 
esses it follows that in each stage of the reaction, for every five Ss molecules one 
molecule of mercaptobenzothiazole is simultaneously converted. 

Experimental results with variation of the quantity of added mercaptobenzo- 
thiazole.—In order to be able to investigate the influence of the amount of mer- 
captobenzothiazole on the kinetics of this vulcanization, compounds were 
cured at 120° C, containing, besides sulfur and zine oxide (each time 3.2 and 
4.07 g, respectively, in 103 g of mix), a certain amount of zine stearate, as well 
as increasing quantities of mercaptobenzothiazole. There was 1, 2, 3, or 5 g of 
zinc stearate per 103 g of total mixture. Table III gives the calculated velocity 
constants. 
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Fic. 6.—First order sulfur diminution for different proportions of added MBT in «ne presence of 3 g 
zine stearate per 103 g of mixture. Molar ratio, zinc stearate to MBT—Curve I = 0; Curve II = 1:1; 
Curve III 1: 23: Curve IV = 1:4; Curve V = 1:6, Vulkanisationszeit = vulcanization time. 


The reaction order of sulfur diminution or of crosslinking increase is not 
affected by a change in the initial amount of accelerator, since both processes 
go once again according to the first order. Figures 6 and 7, in which the ordi- 
nates (logarithmic) are, respectively, the uncombined sulfur in per cent of the 
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Fie. 7.—Reciprocal equilibrium swell, first order, at various os, rtions of added MBT in the presence 
of 3 g zinc stearate per 103 g mix. Molar ratio, zine stearate to MBT—Curve I = 0; Curve II = ES FF 
Curve III = 1:2; Curve IV = 1:4; Curve V = 1:6. 
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initial quantity and the difference (1/Q,. —1/Q,), and the abscissa curing time 
t in minutes, demonstrate this fact for compounds containing 3 g zinc stearate 
and various quantities of mercaptobenzothiazole. The individual straight 
lines, however, show differences in their slopes, i.e., the mercaptobenzothiazole 
content of the compounds has an influence on the rate constants of sulfur dis- 
appearance and crosslinking. 

When ks! or kg! (ordinate) are plotted against the initial mercaptobenzo- 
thiazole (abscissa) there is observed (Figure 8), up to an initial molar ratio of 
mercaptobenzothiazole: zine stearate = 4:1, a rise in the rate constants with 
the increase in ks! being linear, whereas the plot for kg! curves away from the 
ordinate axis. Both curves intersect the ordinate axis at k = 0.15 x 10 
min. This value is equivalent to the rate constants for disappearance of 
sulfur and crosslinking during cure without added zine stearate, conditions 
under which both processes had proved to be of the same rate, while the rate 
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Fra. 8.—The dependence of the rate constants ks' (Curve I) and kg! on the amount of added accelerator 
(in the presence of 3 g zine stearate per 103 g of mix). 


constants were independent of the mercaptobenzothiazole content (7 = con- 
stant)'. However, when the mercaptobenzothiazole content goes beyond the 
molar ratio 4:1, the rate constants remain unchanged. Only when there is a 
further increase in stearate content do the increased accelerator dosages effect 
a renewed rise in rate constants, and then only until the initial molar ratio 4:1 
is once again reached. The relation between the rate constant ks’ (ordinate) 
and the amount of accelerator in grams (abscissa) in compounds of varying 
stearate content is portrayed in Figure 9. All rate constants fall on one straight 
line, which then always goes over into a course parallel to the abscissa when- 
ever, at a given stearate content, the initial molar ratio mercaptobenzothiazole : 
zinc stearate exceeds 4:1 (Curve portions b, c and d). Whether this is a 
stoichiometric ratio must be determined by experiments conducted at other 
cure temperatures. 

Now it is very remarkable that when kg!, the rate constant of the network 
formation is plotted against the increase in amount of accelerator with varying 
additions of zinc stearate, no linear dependence is observed, This is shown in 


» 

{ 

~ 
¥ e 


126 RUBBER CHEMISTRY AND TECHNOLOGY 


120°C 
6 flo d 59 
5 


¢ 3g Zinkstearat 


b 2g Zinkstearat 
0 1 2 


4 5 6 7 8 s 
g Mercaptobenzothiazol /103g Mischung 


Fic. 9.—Dependence of the rate constant ks! on the proportion of added accelerator 
with different quantities of added zinc stearate. 


Figure 10. The rate constants kg! do, it is true, attain maximum values also 
with an initial molar ratio of mercaptobenzothiazole: zine stearate = 4:1, but 
they lie on a curve turning away from the ordinate axis with a considerable 
scattering in the three experimental series. 

As for the degree of crosslinking attained, of which 1/Q,, is a measure, the 
experimental values show that, considering the fact that the degree of mastica- 
tion is surely not always the same, despite the attempt to preserve as uniform 
experimental conditions (mixing and mastication) as possible, one can never- 
theless speak of an approximate constancy of values. This means, then, that 
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Fie, 10.—The dependence of the rate constants kg! on the quantity of added accelerator, 
with different portions of added zine stearate, 
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—The dependence of the rate constant ks! (max) (Curve I) or kg! (max) (Curve II), 
on the amount of added zine stearate. 


the number of linkage points formed during vulcanization is independent of the 
quantity of accelerator, provided the same curing temperature is used. These 
relationships have already been pointed out by H. E. Adams and B. J. Johnson‘. 
The effect of mercaptobenzothiazole thus is due exclusively to an acceleration 
in curing, but is without noticeable influence on the final degree of crosslinking. 

Influence of stearate content on mercaptobenzothiazole-accelerated sulfur cures. 
—tThe relations shown in Figures 9 and 10 between the rate constants ks! or 
kg! and the initial amount of mercaptobenzothiazole in compounds with vary- 
ing stearate contents now make it possible to discuss the relationships existing 
between the proportion of zinc stearate and the maximum attainable rate con- 
stants ks! (max) and kg! (max). Figure 11 (abscissa: zinc stearate content in 
g per 103 g of mixture; ordinate: ks! (max)) shows that, in the range investi- 
gated, a linear dependency exists (Curve I) between ks! (max) and the stearate 
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Fie. 12.—The dependence of the rate constant kg! (max) on the square 
root of the amount of added zine stearate. 


—— 
127 
10 
= 
3 
5 
i 
‘> 10 
ed 
= 8 
0 1 1 3 ae 
a 
A 


128 RUBBER CHEMISTRY AND TECHNOLOGY 


content. The values for kg! (max), on the other hand, lie on a curve turning 
away from the ordinate axis (Curve II). Nevertheless, as Figure 12 shows, 
there is also linear dependence for the maximum rate constants for crosslinking 
kg" (max) if one plots against the square root of the stearate content. Thus 
one has, for the dependence of the maximum rate constants of sulfur disappear- 
ance and network formation kg! (max), on the stearate content, the following 
two expressions: 


ks" (max) = ks'(0) + @-Cstearate (1) 
(max) = kg'(0) + b Cstearate (2) 
In the equations, a and 6 are constants, ks'(0) and kg'(0) are the rate con- 


stants for disappearance of sulfur and crosslinking respectively in vulcaniza- 
tions without stearate’. 
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Fie. 13.—Increment observed in senjpoosnl equilibrium swell with increase in cure time. Curve I: 
came stearate (1/Q = 0.166). Curve II: ig zine stearate in 103 g mix. Curve III: 2 g zine stearate in 
103 g mix. Curve IV: 3 g zine stearate in 103 g mix. 


It is very probable that when zinc stearate is added to vulcanizates contain- 
ing sulfur as curing agent and mercaptobenzothiazole as accelerator, the ensuing 
improvement in physical properties can be attributed to the formation of an 
increasing number of crosslinkage points. This is clearly indicated by meas- 
urements of swelling in vulcanizates with different stearate content, but with 
constant sulfur and mercaptobenzothiazole addition, as portrayed in Figure 13 
(abscissa: cure time ¢ in minutes; ordinate: 1/Q,). For comparison the curve 
for stearate-free vulcanization is also included (Curve I). It is clear that 1/Q,, 
increases as the zinc stearate content rises. A closer investigation of the func- 
tional relation between 1/Q,, and the zinc stearate proportion shows that in the 
range being considered a linear dependence exists between 1/Q,, and the square 
root of the stearate quantity (Figure 14). Thus, analogous to Equation (2), 
one has: 


1/Quo = (1/Quo)o Vestearate 
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whereby (1/Q,,)o signifies the equilibrium swell of the stearate-free vulcanizate 
fort, 

Barton and Hart® have attempted to derive a relationship between the 
number of crosslinkage points formed and the amount of added fatty acid 
(lauric acid) from measurements of conventional modulus values (200% elonga- 
tion) of quite thoroughly cured vulcanizates. They came to the conclusion that 
modulus values improve as the lauric acid content increases, but remain con- 
stant above a critical concentration of laurie acid. Adding lauric acid, there- 
fore, also brings about an improvement in the physical properties of the vul- 
canizates, which proves that the results obtained with the accelerator system 
mercaptobenzothiazole plus zinc stearate are in no wise limited to this combina- 
tion. 

The zinc salts of other carboxylic acids also exert an influence on the speed 
of this vulcanization. Exploratory investigations conducted by us with com- 
pounds containing equimolar amounts of formic acid, acetic acid and pro- 
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3 
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of reci 1 equilibirum — 1/Q, on square root 
of initial amount of zine stearate 


pionic acid or palmitic acid, when the composition of the mixture was other- 
wise the same, demonstrated that the accelerating effect and the attendant 
improvement in physical properties of the vulcanizate are all the more pro- 
nounced when the molecular weight of the fatty acid in question is greater’. 
The experimental results obtained up to now give no indication as to how 
the increase in number of points of crosslinkage occurs through the action of 
zinc stearate. This could result either from a shifting of the ratio of intra- to 
intermolecular bridge bonds to favor intermolecular bonds, or from a favorable 
formation of mono sulfur and disulfur as against polysulfur bonds. Consider- 
ation must also be given to additional bonds of a different nature. Besides, 
in such situations the experimental results must be reckoned with, whereby the 
crosslinking reaction proceeds more swiftly in the presence of stearate than 
does the diminution in sulfur. This points to the fact that the uncombined 
sulfur still available toward the end of the reaction evidently does not enter any 
longer into network formation, but is used up in a side reaction. Armstrong, 
Little, Doak*® have examined the possibility that with cures in the presence of 
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zinc oxides and fatty acids, thiols and zinc mercaptides might be produced, 
which could react with free sulfur to form disulfides and zine sulfides: 


F—S—Zn—S—R + S ———> F—S—S—R + ZnS 


Such a reaction, in fact, makes it understandable how sulfur can become com- 
bined, even though the degree of crosslinkage undergoes no further change. 
But whether it really corresponds basically to what actually takes place cannot 
be decided as yet. 

SUMMARY 


The vulcanization of natural rubber with sulfur, using mercaptobenzothi- 
azole as accelerator in the presence of zine stearate, was investigated. The 
results were as follows: 


1) When natural rubber is cured with sulfur in the presence of zinc oxide 
and mercaptobenzothiazole, as well as zine stearate, one observes, with the first 
order diminution of sulfur concentration, an induction period that grows longer 
as the cure temperature falls. 

2) For the disappearance of sulfur there is calculated, from the temperature 
dependence of the rate constants, an activation energy of 19.5 kcal/mole. 
This value is considerably smaller than that found for the mercaptobenzothi- 
azole-accelerated sulfur cure when no zinc stearate is present. 

3) The percentage loss in mercaptobenzothiazole during vulcanization is, in 
the presence of zinc stearate, independent of the temperature; there is a reac- 
tion, independent of the amount of stearate added of 5 molecules of Ss for each 
molecule of mercaptobenzothiazole. 

4) The diminution in accelerator can also be explained as a first order re- 
action, and it becomes evident that disappearance of accelerator and sulfur are 
equivalent-rate processes. 

5) The crosslinking, measured by the reciprocal equilibrium swelling, goes 
according to the first order, yet sulfur disappearance and the crosslinking reac- 
tion are not equal rate processes, which was always true in the absence of zinc 
stearate. In each case the crosslinking rate constants are greater than those 
for the decrease in sulfur. 

6) For the activation energy of network formation, we calculated, from the 
temperature dependence of the rate constants of the reciprocal equilibrium 
swelling, 20.5 kcal/mole. 

7) When the stearate content is constant, there is a linear relationship be- 
tween ks!, the rate constant for sulfur diminution, and the given amount of 
mercaptobenzothiazole, up to an initial molar ratio of mercaptobenzothiazole : 
stearate = 4:1. Increases in accelerator proportion beyond this initial ratio 
cause no further rise in the rate constants. 

8) The rate constants of the crosslinking reaction also increase with increas- 
ing proportion of mercaptobenzothiazole (stearate portion remaining constant), 
until the initial molar ratio of mercaptobenzothiazole: zine stearate = 4:1 is 
reached. Nevertheless, the relationship is not linear. 

9) There is a linear relationship between the amount of zinc stearate in the 
vulcanizate and the maximum sulfur-loss rate constants ks! (max). 

10) The maximum rate constants of the network forming reaction kg! (max) 
are proportional to the square root of the stearate content. 

11) The number of crosslinkage points formed is independent of the quant- 
ity of mercaptobenzothiazole, when the stearate content is constant. 
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12) The number of crosslinking points formed increases, however, along 
with increasing stearate content, and is proportional to the square root of the 
stearate content. 


The investigations will be continued. 
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THE THERMAL VULCANIZATION OF 
SYNTHETIC RUBBER * 


H. Lurrroppe 


VEB Cuemiscue Werke Buna, Scuxopau, East GerMANY 


INTRODUCTION 


At the 11th general meeting of the Deutsche Kautschuk-Gesellschaft in 
1938 H. Hagen read a paper on the plastication of Buna rubber and made the 
following statement: ‘‘If Buna is heated with exclusion of air it becomes gradu- 
ally harder, e.g., cyclization, crosslinking or ‘vulcanization’ takes place without 
the addition of sulfur.’ In 1944, E. Weinbrenner and B. Scheurle of the 
Technical Application Department of the Buna Works in Schkopau were in- 
vestigating the vulcanization of Buna 8 with benzothiazolyl disulfide. Dur- 
ing this work it was confirmed that certain Buna types can be vulcanized 
merely by simple thermal treatment. This finding however could not be fully 
utilized due to the existing war situation. To distinguish this process from the 
customary vulcanization procedure with sulfur and accelerator, Weinbrenner 
and Scheurle introduced the term “thermovulcanization"’ which will be used 
throughout this paper. In investigations of the vulcanization of various syn- 
thetic rubbers we have again been attracted to this phenomenon and have 


carried out a few series of experiments with the aim of determining the effect 
of thermovulcanization on various synthetic rubbers and of learning more 
exactly the properties of the vulcanizates produced. 


THE BEHAVIOR OF DIFFERENT BUNA TYPES 
ON THERMOVULCANIZATION 


Natural rubber, without the addition of sulfur or accelerators, softens under 
the influence of heat either in the presence of air or under its most perfect ex- 
clusion. Synthetic rubbers soften by heat only if air is present. The plasticiz- 
ing of natural rubber by thermal treatment is being utilized to some extent. 
Thus, for example, so-called “softened rubber’’ is natural rubber thermally 
plasticized'*. With some Buna rubber types, thermal plasticization has at- 
tained, as is well known, a great significance’*. Contrary to natural rubber 
however, Buna rubber does not soften if air or oxygen is effectively excluded. 
Some Buna types under this condition, on the other hand, thermovulcanize to 
soft rubber. 

The following Schkopau Buna types were studied with respect to their be- 
havior in thermovulcanization: Buna § 3, Buna SS 3, Buna 8 4, Buna 8 4/L, 
Buna § 4/T, Buna N, Buna NW, and Buna 85; also smoked sheets were 
studied. Some characteristics of the aforesaid Buna rubbers are found in 
Table I. 

Each material was subjected to step-wise vulcanization from 30 to 480 


minutes at different temperatures in a press. 

* Translated for Rusper CuEemMiIstyr AND TECHNOLOGY by Louis A. Helwich from Kautchuk und Gummi, 
Vol. 10, No. 2, es WT31-39, February 1957. 

Two large ta’ of aging data have been omitted from the translation. 
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All of the Buna types under investigation could be cured to soft rubber by 
the thermovulcanization process. Differences in the susceptibility to thermo- 
vulcanization exist, however, among the individual polymers. Of the emulsion 
polymers, butadiene-acrylonitrile copolymers (Buna N and Buna NN) show a 
more intensive thermovulcanizing effect than butadiene-styrene copolymers, 
the higher styrene-content polymer (Buna SS 3) being vulcanizable in this way 
only under certain conditions. The heat plasticized polymers as well as the 
plastic polymerizates produced by regulated polymerization are slower to 
thermovulcanize than the corresponding polymerizates with lesser plasticization. 
The butadiene block polymerizate Buna 85 shows the highest tendency to vul- 
canization by thermal treatment. Buna SS 3 and Buna 85 have not been 
further investigated. 


TaBLe I 
CHARACTERISTICS OF BuNA-Types INVESTIGATED 


Per cent Temper- Approx. raw 
und ature of plasticity 
Monomer comonomer, _polymeri- (Defo- 
components approx. zation, °C hardness) 


Butadiene- 28 48 3000 
Styrene’ 
Butadiene- 48 600 
Styrene* 
Butadiene- 600 
Styrene® 
Butadiene- 600 
Styrene* 
Butadiene- 
Styrene® 
Butadiene- 
Acrylonitrile® 
Butadiene- 
Acrylonitrile® 
Butadiene- 
Acrylonitrile® 
Butadiene® 


Stabilized with phenyl-2-naphthylamine 
4 Stabilized with dihydroxydiphenylsulfide 


The possible effect of stabilizer on the thermovulcanization was noticed in a 
comparison of Buna § 4 with Buna $8 4/L. The latter contains dioxydiphenyl 
sulfide as a stabilizer and shows a greater susceptibility to thermovulcanization 
than Buna § 4 which is stabilized with phenyl-2-naphthylamine. Natural 
rubber (smoked sheets) cannot be vulcanized by the thermovulcanization 
— even with the addition of phenyl-2-naphthylamine or dioxydiphenyl 
sulfide. 

In determining what temperatures are adequate for thermovulcanization, 
based on tensile strength of the vulcanizates, it was found at temperatures from 
180 to 200° C for various periods of time that a plateau of good tensile strength 
values results. These equal approximately the values of corresponding sulfur- 
accelerator vulcanizates. The step-wise heating at still higher temperatures 
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Fig. 1.—Influence of temperature of vulcanization on tensile strength of Buna 8 4/T thermovulcanizates 
rdinate: tensile strength, kg/em?. Abscissa: vulcanization time, minutes. 


(215-235° C) failed to produce this plateau for the butadiene-styrene copoly- 
mers. The course of thermovulcanization for the low-temperature polymeri- 
zate Buna 8 4/T is shown in Figure 1. Besides, at temperatures over 200° C, 
with more extended time periods, rebound elasticity shows a sharp drop, a sign 
that rubberlike characteristics at these temperatures are being strongly de- 
pressed. Also in the case of the butadiene-acrylonitrile polymerizates, such as 
Buna NN » fast drop in resilience is noted at temperatures 215° and 235° C, 
although the tensile strength maintains a certain plateau. We have therefore 
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Fie. 2.—Effect of active carbon on the course of thermovulcanization of Buna 8 4. Ordinate: tensile 
strength, kg/em*. Abscissa: vulcanization time, minutes. 
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limited our investigations of thermovulcanizates to products which have been 
vulcanized at 195° C. 


PROPERTIES OF THE THERMOVULCANIZATES 


Vulcanization carried out at 195° C with different Buna rubber types which 
contained no fillers or other additives yielded products of very low tensile 
strengths. They were somewhat below the already low values of the corre- 
sponding sulfur-accelerator vulcanizates. The properties of these fillerless 
thermovulcanizates have not been investigated in detail. The addition of 
active carbon has improved the tensile strength and other properties of the 
vulcanizates. Besides, when adding the active carbon, an accelerating effect 
on the thermovulcanization was noted. This is shown in Figure 2, for example, 
with Buna 8 4 to which 0 to 60 parts by weight of carbon black CK 3 have been 
added. Further experiments have shown that zine oxide has no noticeable 
influence on tensile strength in case of butadiene-styrene copolymers. On the 
other hand, somewhat improved values were obtained for butadiene-acryloni- 
trile copolymers. 


COMPARISON OF THERMOVULCANIZATES WITH 
NORMAL VULCANIZATES 


Experimental series with Vulkazit AZ.—We have therefore added to the 
different Buna 8 rubbers 45 parts by weight of CK 3 black and in the case of 
Buna N, Buna NW and Buna NN in addition to this also 10 parts by weight of 
zinc oxide. From these compounds thermovulcanizates were prepared and 
compared with vulcanizates from corresponding simple compounds with sulfur 
and Vulkazit AZ accelerator. The composition of the compounds and the 


results are shown in Table II. 

The tensile strength values of thermovulcanizates (I) are in general some- 
what lower than those of the sulfur-accelerator containing vulcanizates (II). 
In some cases however closely corresponding values have been obtained. There 
is no appreciable difference in the elongation values. The thermovulcanizates 
were found to be somewhat better, in resistance against tear initiation, the 
difference however not being significant. The situation is different however in 
regard to abrasion, rebound elasticity, and surface crack-growth resistance 
(De Mattia). Here the thermovulcanizates proved definitely better. Especi- 
ally in the case of butadiene-styrene copolymers plasticized by regulated poly- 
merization (Buna § 4 and Buna 8 4/T) very desirable improvements have 
been noted. The results with Buna § 4/L are not discussed in this connection 
on account of the different type of stabilization. If the values for normal vul- 
canizates (II) of Buna 8 3 are compared with Buna S 4 and Buna § 4/T, one 
finds, as may be expected, the more strongly regulated polymerizates clearly 
lower in rebound, abrasion resistance, and surface crack growth resistance, 
with the exception of Buna 8 4/T which in abrasion resistance practically 
equals Buna S 3. The rebound elasticity values of thermovulcanizates of 
Buna §S 4 and Buna § 4/T are almost at the same level with those of Buna § 3, 
and in abrasion and crack growth resistance they are even better than for Buna 
8 3. 

The swelling values for all thermovulcanizates have been found to be larger 
than those of sulfur-accelerator vulcanizates. 

The results of electrical testing as well as tensile strength and elongation 
data at elevated temperatures (up to 125° C) are not discussed here to any 
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length. No differences have been noted in these tests. We also do not dis- 
cuss here the results of fatigue tests which in general gave somewhat lower values 
for the thermovulcanizates. 

The results of aging tests however deserve closer discussion. The testing 
of aging resistance was done by exposure to hot air (Geer aging at 100° C), 
oxygen (Bierer-Davis test at 20 atm oxygen at 60° C), and free steam at 
125° C. For Buna 8 4 and Buna NW the differences in aging behavior are 
illustrated graphically in Figures 3a and 3b. In the case of Geer aging and free 
steam aging, a clear superiority for the thermovulcanizates is apparent. This 
is especially noticeable in comparing the elongations. In oxygen aging there 
is no essential difference in the drop of tensile strength in general between the 
thermovulcanizates and normal vulcanizates. In some individual cases the 
behavior of normal vulcanizates is even somewhat better than that of thermo- 
vulcanizates. In other cases the slight differences turn in the opposite direc- 


III 


ComPosiTION OF THERMOVULCANIZATE AND SULFUR-THIURAM 
VULCANIZATE COMPOUNDS 
Natural 
rubber 
Buna Buna Buna Buna Buna Buna (smoked 
Polymer 84 8 4/T NW 84 8 4/T NW sheets) 
Composition I Il 
of compound (Thermovulcanizates ) (Sulfur-thiuram vulcanizates) 
4 


Polymer 100.00 100.00 100.00 x 100.00 100.00 100.00 


Carbon black 
CK 3 


45.00 
Zinc white RS — 
Stearic acid — 
Phenyl-2-naph- 0 or 1.0, 
thylamine respec- respec- pec. 
tively tively tively i i tively 
Mercaptobenzi- 0 or 1.0, 0 or 1.0, 0 or 1.0, 0, 0, 0 or 1.0, 
azole respec- respec- respec- respec respec- 
tively tively tively tively tively 
Sulfur — — ~ 0.30 . 2 0.45 
Thiuram 1.25 0.60 
tion. On the other hand, there is an increase in the elongations of thermovul- 
canizates with increasing time of oxygen exposure, in contrast to the elonga- 
tions of normal vulcanizates, a phenomenon which in general does not occur in 
Bierer-Davis aging of synthetic rubber vulcanizates. Also, the Shore hardness 
and resilience values, which are not discussed here in detail, show a drop for the 
thermovulcanizates during the oxygen aging test. 

Experimental series with thiuram.—lIn a further series of tests we have com- 
pared the rubberlike properties as well as aging resistance of thermovulcanizates 
and thiuram-sulfur vulcanizates, the elastomers tested being Buna S 4, Buna 
8 4/T, Buna NW and natural rubber (smoked sheets). The synthetic rubbers 
used were stabilized with approximately 2.5% phenyl-2-naphthylamine (see 
also Table I). For this reason compounds were made from them in one case 
without any addition of antioxidants, in the other case with the addition of 
phenyl-2-naphthylamine plus mercaptobenzimidazole. The natural rubber was 
compounded with an amount of phenyl-2-naphthylamine corresponding to that 
in the synthetic rubbers. The composition of the compounds is given in 
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Table III. As may be seen, the normal vulcanizates are now aimed at having 
good aging resistance. The physical and mechanical properties of the unaged 
vulcanizates are given in Table IV. The values obtained on unaged vulcani- 
zates are reported only on the compounds containing PBN and MB as there 
were, naturally, no differences found compared to the antioxidant-free com- 
pounds, 

The test data for this series have confirmed a number of findings from the 
Vulkazit AZ test series. The tensile strength, elongation and the resistance 
against tear propagation are practically the same for thermovulcanizates and 
sulfur-thiuram vulcanizates. 

Also no basic differences have been noted regarding electrical properties 
and changes of properties at low temperatures. The tendency to swell is some- 
what higher for the thermovulcanizates as in the Vulkazit AZ test series. The 
abrasion resistance of the thermovulcanizates again is definitely better, and 
for the butadiene-styrene copolymerizates, the room temperature rebound 
elasticity values were again several points higher than those for the sulfur- 
thiuram vulcanizates. On the other hand, the rebound elasticities measured 
at 70° C show a far-reaching agreement. The testing of dynamic behavior on 
the Roelig vibration machine reveals that the generation of heat is clearly 
lower in all cases for thermovulcanizates. In the percentage of damping, how- 
ever, no difference was found between thermovulcanizates and sulfur-thiuram 
vulcanizates. 

A clear difference between thermovulcanizates and sulfur-thiuram vulcani- 
zates exists in the dynamically determined spring constants. The spring con- 
stants of the thermovulcanizates are all clearly higher although this should not 
be expected from the figures of tensile modulus at 300% elongation or from the 
Shore A hardness values (see also Table IVa). 

The resistance against surface crack growth at a dynamic stress as deter- 
mined by De Mattia test shows again that the thermovulcanizates are more 
resistant, though considerable fluctuations exist in the test results. 

Furthermore the weather resistance of thermovulcanizates and sulfur- 
thiuram vulcanizates was investigated (cracking or crazing by light) by means 
of a method which corresponds closely to the ASTM D-1171-51T procedure. 
The results are not given here. The thermovulcanizates based on Buna 8 4 
and Buna § 4/T have shown a somewhat higher resistance against crack forma- 
tion than the sulfur-thiuram vulcanizates, e.g., the thermovulcanizates need 
longer times to develop the first cracks. Besides, after a given weather ex- 
posure, they show in general a smaller number of cracks. The progression of 
cracking is slower than with the sulfur-thiuram vulcanizates. The Buna NW 
vulcanizates show still higher resistance to the development of cracks on wea- 
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CoMPARISON OF PROPERTIES OF THERMOVULCANIZATES AND SULFUR- 
VULCANIZATES (UNAGED VULCANIZATES) 


Buna 84 Buna 8 4/T Buna NW 
Polymer Compound ‘I I 

Stress! at 300% elongation 

(kg/cm?) 53 71 
Shore A hardness! 61 63 
Spring constant? (kg/cm) 427 

1 Test temperature + 22°C. 

2At +75°C. 
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Buna S4 Buna $4/T BunaNW. 

Thermo- Schwefel/Thiuram- Thermo- Schwefel/Thiuram- Thermo ~ Schwefel/Thiuram-. 

vulkanisate Yulkanisate lkanisat Vulkanisat vulkanisate Vulkanisate 


1) 


1)bei 10%. D 1) bei 10%. D 
nicht: mefbar keine Rifbildung 
2,3) mit PBN +MB bei + 
10% D keine 
bei 20%enicht 


Fie. 4.—-Comparison of ozone resistance of thermovulcanizates and sulfur-thiuram vulecanizates. Ordinate: depth 
of cracks, mm. bscissa : elongation, %. For Buna NW at 10% elongation 1) no cracks or isolated cracks or cracks 
less than 10°? mm deep. Also for Buna NW thermovulcanizate 2,3) with PBN + MB at 10% elongation, no.cracks, 
isolated cracks, or cracks less than 10-? mm deep. 


ther exposure. The corresponding differences between the two types of vul- 
canizates are smaller. 

The investigation of ozone resistance also reveals differences between the 
two types of vulcanizates (see Figure 4). The conditions of the ozone resistance 
test were as follows: 40 parts of ozone in 10° parts of air; amount of ozone-air 
mixture 5 liters/min; ozone generation by mercury vapor lamp; temperature 
+22° C; measurement of depth of cracks after 4 hours at two different elonga- 
tions (10% and 20%). The addition of PBN and MB has a beneficial influ- 
ence on sulfur-thiuram vuleanizates as well as on thermovulcanizates. An 
especially good result was obtained with Buna NW vulcanizates, the thermo- 
vulcanizates in this case again being still better, especially at higher elongation 
(20%). For thermovulcanizates of Buna § 4 with aging retardants, somewhat 
better values were found at 10% elongation. At 20% elongation practically 
no more difference exists, and also for Buna S 4/T vulcanizates the difference 
is very slight. 

The results of aging tests, in part graphically illustrated in the Figures 5a 
and 5b, give evidence that the thermovulcanizates compare favorably in aging 
resistance with the excellent aging qualities of the sulfur-thiuram vulcanizates. 
In the Figure 5a the data for Buna 8 4 and Buna § 4/T also indicate that aging 
retardants in the thermovulcanizates do not produce any improvement in 
aging characteristics. In general, the aging resistance on thermovulcanizates, 
as tested in free steam at 125° C and for oxygen exposure, is somewhat better 
than for sulfur-thiuram vulcanizates. On the other hand the sulfur-thiuram 
vulcanizates are, in general, somewhat better in Geer aging at 100° C. 
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SUMMARY 


It is shown that synthetic rubbers, in contrast to natural rubber, can be 
vulcanized to soft rubber by a simple thermal treatment without any previous 
admixture of sulfur or accelerators. This process has been designated as 
“Thermovulcanization” to distinguish it from the regular vulcanization pro- 
cedure under heat with the addition of sulfur and accelerators. Various syn- 
thetic rubbers of Schkopau production have been investigated for their be- 
havior in the process of thermovulcanization. Both butadiene-styrene and 
butadiene-acrylonitrile copolymers as well as the butadiene block polymerizate 
lend themselves to vulcanization by this thermal treatment. For the buta- 
diene-styrene copolymer with higher styrene content, thermovulcanization 
leads to products which are not equivalent to the regular sulfur-accelerator vul- 
canizates. Natural rubber cannot be vulcanized to soft rubber by thermovul- 
canization. The investigation of the effect of temperature revealed that a 
temperature of 195° C, for example, was applicable for all the synthetic rubbers 
studied. The addition of active carbon was found to accelerate the thermo- 
vulcanization process and certain properties of the vulcanizates are improved. 
The results of some comparative studies are presented, and it is pointed out 
that thermovulcanizates and normal vulcanizates show agreement in some of 
their properties and vary in others. The thermovulcanizates, as compared 
with normal vulcanizates, show somewhat lower tensile strength and somewhat 
lower fatigue resistance. Also their resistance to swelling is lower. On the 
other hand they are better in abrasion, have somewhat improved elastic proper- 
ties, and show improved resistance to aging including surface aging phenomena 
under static and dynamic stress. 
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IMPROVING THE CARBON-RUBBER BOND * 


H. A. BRAENDLE 


CotumBIAN Carspon ComMPANy 
New York, N. Y 


Late in the Eighteenth Century, Immanuel Kant laid a foundation for his 
philosophy by stating, ‘“‘We perceive things in space and time because of the 
nature of our senses.”’ 

The approach to the problem of carbon black reiaforcement of rubber has 
been in the same sequence. Emphasis has rightly been placed on the spatial 
disposition or dispersion of carbon black in rubber as a prime factor for the 
effective use of carbon black. The present paper has to do with the second of 
Kant’s elements of perception, viz., that of time. 


SPATIAL DISPOSITION 


In 1820, Thomas Hancock discovered that he could take scraps or cuttings 
of India rubber and masticate them into coherent masses. From these he could 
cut sheets or blocks just as readily as from the original imported pieces of rub- 
ber. He no longer had to select suitable sizes and shapes from the imported 
crude to make his cut rubber. He soon found that for even the small masses 
of one pound which he kneaded in his nail studded cylinder masticator, an in- 
ordinate amount of power was required, and he had to put two men on the 
handle of the machine. 

“Mill” mixing of dry colorants and in turn of reinforcing pigments soon 
followed. 

After Hancock’s basic discovery of the plastic working and cohesion of 
rubber, progress in this field has been primarily in the direction of building 
bigger and stronger machines requiring ever-increasing horsepower to drive 
them, with ever-increasing damage to both the rubber and the carbon black, as 
well as to some of the other compounding ingredients. 

After 1910, when the impingement carbon blacks were found to have an 
exceptional toughening action on rubber, most of the work on pigment disper- 
sion was done on carbon black. If carbon black could be dispersed in rubber 
by a new machine or procedure, then other pigments generally could be also. 

In 1920, Wiegand! pointed out the role of fineness in the pigment reinforce- 
ment of rubber, and this observation served further to focus attention on dis- 
persion. In 1929, Twiss* stated the problem rather neatly when he said that 
zine oxide and carbon black should be so dispersed in rubber as to reestablish 
their smokelike character within the rubber. Much discussion ensued as to the 
nature of the spatial distribution of carbon black in the rubber with regard to 
ideal, optimum and actual. This discussion was based on the rubber’s being 
a true continuous phase and the possibility of packing in carbon black in tetra- 
hedral arrangement. 


* Presented before the Joint Conference ACS—CIC Divisions of Rubber Chemistry, Montreal, P.Q., 
Canada, May 15, 1957. Reprinted from Rubber World, Vol. 136, No. 6, page 835, September 1957. 
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To explain the comparatively low optimum loadings of carbon black in rub- 
ber, Wiegand’ in 1936 proposed the discrete rubber theory. He proposed a 
concept in which rubber rather than carbon black was essentially the inside 
phase. Striving for Twiss’s ideal, Gerke‘ and his associates were granted a 
patent on a method of obtaining a particulate or smokelike dispersion of carbon 
black in rubber. They used electrical resistivity of the mix as their criterion of 
dispersion. 

Based on electrical resistivity measurements and on examination of micro- 
tome sections of cured tread stocks with the electron microscope, for example, 
much thought has been given to the significance of the flocculated appearance 
of carbon black in rubber. Except for Gerke’s description of his product, this 
type of dispersion seems to be the actual and possibly the optimum spatial 
arrangement for strength with resilience, provided it is reached by the right 
path. The idea has been pretty well abandoned that carbon black flocculates 
by carbon black particle-to-particle attractive forces. Both Parkinson® and 
the present author® are agreed that the force which brings the carbon black 
particles into contact during vulcanization lies in the rubber molecular chain, 
and that during processing prior to vulcanization a good approximation to a 
smokelike dispersion should be reached. 


HIGH H. P. BANBURY MIXING 


Because of the very nature of the equipment used and the fact that rubber, 
whether natural or synthetic, is most generally mixed in the dry, bulk form, the 
preferred method to attain this ‘‘smokelike”’ dispersion of black in rubber is to 
mill the carbon black with an elastomer of high viscosity. 

Dry mixing seems to have been pushed about as far as it can go, however, 
both from the point of power input and type of machine, whether the latter be 
roll mill, Banbury mixer, extrusion-type mixer, pelletizer, etc. In fact it would 
seem that this approach is not only reaching the zone of ‘‘diminishing returns”, 
but may be actually more harmful than beneficial with regard to dispersion and 
properties of the final vulcanizate. 

In this connection, consider, if you will, what goes on in modern, high-speed, 
high-pressure Banbury mixer during the rubber compounding operation. To- 
day’s cost competition calls for shorter and shorter Banbury cycles and therefore 
tremendous power input. 

Let us follow such a Banbury mixing cycle: Styrene-butadiene rubber 
(LTP, e.g.) is dropped into the mixer; the ram is down just long enough to push 
the rubber through the throat of the mixer; the ram is brought up; black is 
added, and, say, some oil. The ram is brought down again. There is a large 
amount of horsepower exerted on the mix by virtue of the combination of 
higher-than-normal ram pressures and higher-than-normal rotor speeds. 
Picture the rubber folding and refolding and engulfing handfuls of carbon black 
and squeezing it with terrific pressure, compacting it with a force it has never 
before experienced and then shearing it apart again and pushing it and shearing 
it into the rubber. It has been supercompacted and then subjected to super- 
shear to undo the damage of the supercompacting. 


DEMAND FOR DENSED BLACK 


Loose black, once the reinforcing power of carbon black was recognized, 
wasn’t acceptable as the best form for use in rubber goods manufacturing. It 
was followed, therefore, by densed, heavy compressed, double compressed and, 
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in due course, dustless or beaded black for bulk handling. Anyone in the carbon 
black industry can attest to our dilemma on bead quality. The rubber indus- 
try customer wants carbon black beads with all of the following qualities at the 
same time: (a) higher and higher density to provide maximum economy in 
warehousing; (b) higher and higher bead strength to stand blowing through 
ducts and around corners without breaking; (c) uniform spheres (no fines or 
dust); so they will run out of a car and through automatic weighers and into 
Banbury mixers, like water; (d) beads hard enough for all this type handling 
and yet soft enough to break down into the original ultramicroscopic particles 
immediately on contact with the rubber are desired. The beads are always too 
hard to disperse or too soft to handle, according to the compounder. 


IMPROVEMENTS SUGGESTED 


The whole business of present-day compounding and mixing seems to be at 
cross-purposes and not only with regard to the carbon black. The rubber itself 
is coagulated, dried, pressed into sheets or baled without sheeting, and then 
plasticized and milled to expose ever fresh surface to the compounding ingredi- 
ents. Every plant superintendent from Thomas Hancock on has been con- 
scious of the power cost of these operations. 

Dissatisfaction with this state of affairs is not new. As early as 1925, Wie- 
gand’, in describing ‘““The Rubber Compound of the Future,” stated: 


“In general this will be one emancipated from all breaking-down influences 
and endowed with all of the setting-up factors. It may be mixed in latex form 
with a reinforcing pigment completely and uniformly dispersed in tetrahedral 
piling; a pigment the surface energy of which will be sufficient to prevent any 
volume increase at any strain.” 


In the discussion following the formal presentation he stated further: 


“T have flowed gas black into the mixing, with carbon tetrachloride and 
benzol in equal quantities, and have increased the resultant tensile properties 
by 25 per cent. In my judgment, solvent compounding is thoroughly worth 
while thinking about.” 


Again in 1927, Wiegand® went still further when he said: 


“The present brutal methods of driving carbon black into rubber must be 
replaced . . . we should all of us welcome . . . an energetic attack upon the 
problem of making available the enormous surface energy of the carbon black 
phase without the existing disruption and degeneration of its rubber matrix.” 


The idea of flowing gas black into a colloidal matrix with the help of a 
solvent as a disappearing emolient has a much earlier background. The ancient 
Chinese’, in preparing their incomparable inksticks, swelled the binding matrix 
comprising cowhide glue with water and heat to assist in slipping the carbon 
black into the glue prior to dispersing it in the matrix by shear via pounding in 
mortars and on anvils. 

These expedients have, however, found little or no practical adoption in the 
rubber industry. 


CARBON-RUBBER AFFINITY 


In addition to the recognized roles of fineness and dispersion of pigments 
used for reinforcing rubber there is still another aspect to the problem, viz., the 
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question of something specific or unique in the mutual attraction of carbon and 
rubber. In this area there is far from unanimity of opinion as to the cause of 
this affinity between the two, except possibly that both are organophilic. 

Non-carbon pigments have been made of a fineness exceeding that of com- 
mercial tread-type carbon blacks. In the laboratory and in some specialized 
applications and properties these are useful, but for the toughening of tire tread 
rubber to withstand high-speed travel, overloading, rough roads, rapid ac- 
celeration or deceleration, carbon black is still unique in combining resilience 
with toughness to an equalled degree. 

Many colloids have been added via latex combinations as well, e.g., resins", 
lignins", etc., with some success, but again not for tough high-speed tire service. 
Today we accept the increase in tensile strength of the styrene-butadiene co- 
polymer from a few hundred psi to 3000 to 4000 psi as commonplace, but to 
Bostrom and Lange” it was so specific that they called it the carbon effect. 
Further support for this view was developed by Columbian Carbon Co."; to 
get good snappy cures without the penalty of falling tensile requires 350 to 400 
acres of carbon surface per 100 pounds of SBR. 

The work of Fielding’ on bound Hevea rubber also supported the idea that 
there was something unique about carbon black and its affinity for natural 
rubber. When we tried to apply the same test to the styrene-butadiene co- 
polymers, the problem became more difficult. It was not possible to say 
whether the benzene insoluble residue was carbon bound rubber alone or a 
mixture of bound rubber and rubber gel. The term “carbon-rubber gel com- 
plex” [or carbon gel'*-'® for short] was adopted to cover both effects. 

The discovery of the positive temperature coefficient of the carbon gel 
effect!*—"’, the resultant need of mixing temperature control, and the translation 
of this into significant road wear enhancement seem to add weight to Bostrom 
and Lange’s original description of the phenomenon as a carbon effect. 
Whether this effect is chemical or physical'*, or both, is a question outside the 
present discussion. The fact remains that there is a definite affinity between 
these two colloids, which then leads to the question: Why not handle them as 
colloids or, more precisely, in aqueous suspensions? This is the point where the 
element of time enters. 


THE LATEX APPROACH 


It is only logical that these two colloids should be brought together and 
allowed to exercise their affinity for each other at the optimum point in their 
respective life histories, in other words, as dispersions in water. This idea is 
by no means new. Even before the discovery of vulcanization Thomas Han- 
cock” was granted a patent on August 5, 1830, on “Ornaments, ete., by Liquid.” 
In that patent he states: 

“The principal ingredient used in the improvements for which the patent is 
granted is liquid caoutchouc, which is obtained from South America, the East 
Indies, and other places, and when dried forms the substance called India 
rubber. . . .” 

Further on, in discussing the addition of fibrous or other ingredients to his 
liquid caoutchouc, he states: 

“The colouring substances, when solid, must first be ground very fine in 
water, and the whole composition well stirred and mixed together; but no more 
of the colouring matter must be used than is necessary to give the colour re- 
quired.” 
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A century later Twiss*, in the same paper in which he described the ideal of 
a smokelike dispersion of reinforcing agents in rubber, said: 

“Tt is also possible to effect very complete dispersion of other powders, e.g., 
carbon black in water (with the aid of protective colloids or dispersing agents) 
before introducing them into the latex. In this way proportions of a com- 
pounding ingredient can be used greatly in excess of those possible by ordinary 
dry mixing operations. The possibility of incorporating 100 per cent and more 
of carbon black in rubber opens up a new range of compounds with possible 
attractions both in mechanical properties and price. Subsequent mastication 
can be substantially eliminated™.”’ 

Many experimenters were similarly interested in compounding and handling 
rubber and compounding ingredients in the form of aqueous dispersion, and a 
group of patents is listed in the references**—**, These patents describe the use 
of pigment, generally carbon black, in dispersed form suitably stabilized by 
dispersing agents, protective colloids, or the like; spray drying of mixtures of 
pigment suspensions and latex; carbon black as a coagulating agent for the con- 
centrated Hevea latex during stirring or mixing; and even alternate spraying 
of latex and pigment dispersions on to or into a form previously warmed. 


TABLE I 


Thousand long tons 
Year of black masterbatch 
1951 
1952 
1953 
1954 
1955 
1956 (est.) 


Despite this optimism, Hevea latex compounding or masterbatching with 
carbon black was primarily of academic interest if for no other reason than the 
fact that these two colloids were produced chiefly on opposite sides of the globe, 
and the economics were consequently unfavorable. Hevea latex was therefore 
confined to such important areas of use as dipping processes ranging from tire 
cord insulation to surgeons’ gloves and more recently foam rubber. 


SBR LATEX MASTERBATCHES 


With the establishment of a synthetic industry in the USA the economic 
handicap of latex masterbatching of carbon black was eliminated, and it is not 
surprising, therefore, that much work was done on this’, and many 
patents—*¢ were issued. 

In general this new work followed the pattern established for natural rub- 
ber. A commercial black rubber process was set up within the SBR synthetic 
rubber industry during government ownership and operation. This process is 
summarized by Adams and Howland in Whitby’s book on synthetic rubber®’. 
It follows closely the principles set up by Twiss?. Much black masterbatch 
has been made in the last few years by this process in regular SBR, cold rubber, 
and oil-extended rubber, as shown in Table I. 

Experience over the years, however, has shown that tire treads made from 
this type of carbon black masterbatch or black rubber are deficient in wear on 
the road by something of the order of 5 to 10% when compared with dry 
mixed (i.e., Banbury) treads of the same composition. This deficiency of car- 
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bon black masterbatches, despite the convenience of their use, may explain 
the fall-off in demand for this type of black rubber, as indicated in Table I. 

The Columbian process—A reexamination of the SBR latex black master- 
batching process apparently was needed. Whenever aqueous dispersions of 
black are made for sale, as such, it is necessary to add dispersing agents, peptiz- 
ing agents, protective colloids, or combinations of these. It is well known that 
carbon black irreversibly adsorbs dispersing agents used for the preparation of 
aqueous dispersions. In all probability the organophilic end of the dispersing 
agent remains after coagulation and preempts or blocks off the sites at which the 
rubber could crosslink with the carbon black. 

In dry mixing none of these additives, with the possible exception of fatty 
acid®*, ever enhanced the rubber-carbon bond as measured by wear. Then why 
use any of these additives in a black latex process? The problem is to disperse 
the black in water and keep it dispersed. Grinding in a wet paste, we know to 
be impractical from long and sometimes costly experience. It seemed worth 
while to try to disperse the black by some form of violently turbulent hydraulic 
action. This method was worked out, but as soon as agitation stopped, the 
black settled out. 

The next thought was to keep the black stirred up once it was dispersed and 
to stir in the latex under conditions of comparable turbulence. Here then was 
the idea of a continuous process. Various means of accomplishing this type of 
mixing were tried, and to date the most satisfactory method found uses a high- 
speec stirring device rotating at about 4000 rpm equipped with a succession of 
rotating blades and stators to create maximum turbulence. This method dis- 
perses the black with water only. It keeps the black in suspension. It con- 
tinuously and uniformly mixes the black slurry and the latex to a blend, uni- 
form even in a micro range. A flow sheet of the Columbian latex black master- 
batching process is shown in Figure 1. 

The great affinity of black and rubber and the high time rate of reaction 
between these two hydrophobic colloids were shown by the discovery that the 
carbon black acted as the creaming agent necessary to get a porous crumb for 
good washing and drying. So rapid is the reaction between the colloids that 
the interval between the onset of creaming and full acid coagulation has become 
probably the most critical element of the whole process. 

Columbian process SBR black masterbatches made with HAF (Statex R) 
and ISAF (Statex 125) black, when road-tested in experimental tire treads, 
showed marked improvement in road wear. These stocks, when compared in 
tire treads with conventionally mixed identical stocks of the same base poly- 
mer, have given improvements in road wear ranging from 6 to 30% with an 
average of 15%. 

It was also found possible to start with high-molecular-weight polymer 
latex and made black masterbatches with 25 or 37.5% oil extension on the rub- 
ber and containing 50% of carbon on the extended polymer (oil-black master- 
batches). Generally speaking, it is desirable, when making a regular LTP-SBR 
black masterbatch, to add the major part of the normal processing oil to the 
masterbatch in the same process. 

This method has the advantage of making a bale of black rubber that is 
soft enough to drop into the Banbury for further compounding without risk of 
breaking the mixer, and it eliminates the tedious job of adding oil to a master- 
batch of black and rubber alone as was the case heretofore. Also, when most 
of the oil is masterbatched, the take-up of the remainder of the processing oil of 
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the compounder’s choice at a later stage in the mixing is greatly accelerated 
when working with the Columbian process black masterbatch. A typical 
black rubber comprises: rubber, 100; black, 50 to 55; oil, 8 to 10. 

This process does not force the black into the latex droplet, but the process 
does distribute the latex droplets and the black particles to a hitherto unattained 
degree so that the final dispersion and bonding of the black in the masticated 
rubber can begin the instant the batch starts around the Banbury. There is no 
dry black to be compressed and thereby rendered difficult to disperse. A Ban- 
bury or extrusion run is still necessary not only to effect the penetration of the 
black into the rubber, but to generate enough heat to tighten the bond between 
carbon and rubber in the carbon gel complex. 

In general the Columbian Carbon process®-® makes possible: (a) lower 
Mooney viscosity compounds; (b) much better dispersion of black in the rub- 
ber; (c) better hysteresis properties of the vulcanizate because of the better 
dispersion of the carbon black ; and (d) an average of 15% better road wear with 
SBR treads. 


SUMMARY AND CONCLUSIONS 


Dry mixing involves compacting latex into solid rubber and then tearing it 
down to make a place for the carbon black. Likewise it involves compacting 
the carbon both before and after it enters the Banbury and then tearing it 
apart to develop its full surface. Such operations involve the application of 
enormous compacting and shearing forces that do neither colloid any good. 

By recognizing the time element the two colloids are brought together when 
they both are in a dispersed phase and therefore free to act as colloids; and by 
taking advantage of the time rate of this reaction the process effects the best 
spatial distribution of black in rubber so far attained. Nothing is added to 
interfere with the normal affinity of these two colloids. A better distributed 
and stronger bond results, as is evidenced by substantially enhanced road wear 
in tires made from such rubber. 
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HYDROGENATION OF BUTADIENE RUBBER * 


A. I. Yakuscontk AND G. N. Gromova 


Lesepev Screntiric Researcu Instirute ror Syntuetic Ruspper 


The study of the chemical structure of butadiene polymers, their chemical 
reactions and the properties of the products of their transformation reveals a 
connection between their chemical structure and certain chemical, physical and 
physical-mechanical properties. The effect of some factors (the nature of the 
alkali metal, the temperature and the method of polymerization) on the struc- 
ture of the butadiene polymer was established by ozonolysis: namely, their 
effect on the relative proportion of 1,4 and 1,2-butadiene units'. It was deter- 
mined that an increase in the number of 1,4-butadiene units in the rubber has a 
favorable effect on its technical properties. 

In this study the results of an investigation of the process of hydrogenation 
of a synthetic butadiene rubber are presented. 

Most of the existing studies of rubber hydrogenation deal with natural rub- 
ber and were designed to determine its structure*. Rubber has been hydrogen- 
ated on metallic catalysts at various temperatures “en masse” and in solutions 
of methylcyclohexane, hexahydrotoluene, and ethyl ether. Hydrorubbers of 
various molecular weights were obtained, depending on the conditions of hy- 
drogenation. Hydrorubbers prepared at 270° always had a lower molecular 
weight than those prepared at 100° and below, and, as a rule, had no elastic 
properties. It was later shown that this phenomenon is due to the destruction 
of rubber molecules at high temperatures’. When rubber was hydrogenated 
in dilute solution at 50-100° the product had a molecular weight‘ of 70,000- 
80,000. 

Previous studies of the properties of hydrogenated rubber, and, in particular, 
its viscosity, specific weight and index of refraction, have established that in 
most cases hydrogenated rubber contains products of destruction and cycliza- 
tion. In the absence of destruction of the rubber during hydrogenation, the 
viscosity of solutions of natural rubber is constant and the index of refraction 
falls. In the case of cyclization, the index of refraction of hydrogenated na- 
tural rubber increases above its original value. After the completion of this 
study an article was made available to us in which new rubberlike products of 
the hydrogenation of polybutadiene emulsion, called ‘“hydropoles” which pos- 
sess a number of valuable properties, were described’. 

The purpose of this work was: (1) to explain the possibility of selective 
hydrogenation of the double bonds of butadiene rubber and (2) to determine the 
relation between the number and the nature of the double bonds in the mole- 
cules of rubber and some properties of the latter. It is known that butadiene 
rubber contains ethylene bonds of various degrees of substitution, both single 
derivatives and double derivatives. On the basis of the work of Lebedev®, one 
would expect that the curve of the rate of hydrogenation of butadiene rubber 
would have a break and that the number of double bonds of various degrees of 

* Translated for Rusper Cuemistry from the Zhurnal Obshchet Khimit, Vol. 26, 
No. 6, pages 1381-90 (1956), 
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substitution could be calculated from this curve. Highly soluble butadiene 
rubber containing 56.6% of external double bonds was chosen for the present 
study. 

EXPERIMENTAL PART 


PURIFICATION OF THE RUBBER, PREPARATION OF CATALYSTS AND 
METHOD OF HYDROGENATION OF RUBBER SOLUTIONS 


Butadiene rubber containing 2% Neozone-D was first purified by precipi- 
tating a benzene solution three times with ethyl alcohol; the rubber was then 
dried to constant weight at 30-35° and residual pressure of 2-3 mm. The rub- 
ber was purified and dried in an atmosphere of pure nitrogen’. The alcohol 
and benzene were carefully purified. The benzene used did not contain thi- 
ophene. The rubber solutions were hydrogenated in the presence of palladium 
precipitated on calcium carbonate and nickel, platinum black from platinum 
dioxide, platinized carbon activated with doses of chloroplatinous acid, and 
Raney nickel. 

The catalysts were prepared as follows. Palladium on calcium carbonate 
was prepared according to Busch*. The palladic oxide hydrate was reduced 
with hydrogen in heptane immediately before the experiment. One gram of 
the catalyst contained 0.0122 gram of palladium. The palladium on newly 
reduced nickel was prepared according to Ginzberg’. The newly reduced nickel 
was obtained by reducing nickel oxide at 280—330° in an atmosphere of electro- 
lytic hydrogen. A dry catalyst was used for hydrogenation. One gram of the 
catalyst contained 0.0377 gram of palladium. Platinum black from platinum 
dioxide was prepared according to Adams”. The platinum dioxide obtained 
was reduced with hydrogen in alcohol immediately before the experiment. One 
gram of platinum dioxide contained 0.795 gram of platinum. Platinized car- 
bon activated with doses of chloroplatinous acid was prepared according to 
Zelinski!. The platinized carbon was activated by chloroplatinous acid 
immediately before the experiment. One gram of platinized carbon contained 
0.0767 gram of platinum. The Raney nickel was prepared according to Adkins’ 
method”. 

The activity of each of the catalysts named and the suitability of the sol- 
vent were tested on allyl alcohol and eugenol, which had the following char- 
aceteristics : 

Allyl alcohol: boiling point 95.5-96°, n?° 1.4125; eugenol: boiling point 
110.5-111° (3 mm), n?° 1.5408. 

The rubber solutions were hydrogenated at atmospheric pressure in Lebe- 
dev’s apparatus" in a glass flask of 500 ml capacity at 20 + 0.2°. Saturated 
hydrocarbons (heptane and hexane) were used as solvents for the rubber. The 
concentration of the hydrogenated solution did not exceed 0.8%. Hydrogen 
was obtained by electrolysis of a 30% solution of caustic soda. The absorbed 
hydrogen was calculated every 0.5 minute, with an accuracy of +0.25 ml. 

The hydrocarbons used as rubber solvents had the following characteristics: 

Heptane: boiling point 98.3°, n?° 1.3879, d?° 0.6839, content of saturated 
hydrocarbons, sulfur and octane number 0.0; hexane: boiling point 68.8°, n2° 


1.3758, d?° 0.6596, bromine number 0.1. 
EXPLANATION OF THE INFLUENCE OF SOME FACTORS ON THE a 

RATE OF HYDROGENATION OF RUBBER SOLUTIONS FS 

In order to insure the most favorable conditions for rubber hydrogenation, me 


the effect of the intensity of agitation, the quantity of catalyst present, and the 


— — 
the 
7 


158 RUBBER CHEMISTRY AND TECHNOLOGY 


concentration of the rubber solution (with constant proportions of rubber and 
catalyst) on the rate of hydrogenation of a rubber solution was studied. The 
volume of the hydrogenated solution was 200 ml. The results of a study using 
palladium on calcium carbonate are shown in Figures 1-3. 
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Fie. 1.—Effect of intensity of agitation on the degree of hydrogenation of butadiene ae on ere 
on calcium carbonate. Intensity of agitation (oscillations per minute): 1-240; 2—350; 3—450 


It is seen from the data presented that the rate of hydrogenation of rubber 
solutions is independent of the intensity of agitation (Figure 1) within the limits 
of 240-450 vibrations per minute. The quantity of catalyst present has a 
decisive effect on the rate of hydrogenation (Figure 2), since the rate increases 
noticeably the catalyst content is increased 4 and 8 times over the original 
amount and, finally, the rate of hydrogenation is practically independent of the 
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Fic. 2.—Effect of amount of catalyst (palladium on calcium carbonate) fF: he degree of hydrogenation 
of the rubber solution. 1—2 g; 2—8 g; 3—16 


concentration of the solution within the limits 0.2-0.8% when the proportions 
of rubber and catalyst are kept at 1:10 and 1:20 (Figure 3). These results 
(Figures 2 and 3) show that in order to insure thorough hydrogenation in rubber 
solutions of concentration 0.2-0.8% it is necessary to use a quantity of pallad- 
ium on calcium carbonate which will give a ratio of at least 1:20 between the 
rubber and the catalyst. 
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It is noteworthy that the nature of the curve of the rate of hydrogenation of 
rubber in the presence of palladium on calcium carbonate is the same in all 
cases, regardless of the conditions of hydrogenation; the curve of the rate of 
hydrogenation of rubber on two different palladium catalysts are shown in 
Figure 4; three times as much palladium was present in the second case (Curve 
2) as in the first (Curve 1). 
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Fira, 3.—Effect of concentration of rubber solution on degree of hydrogenation with constant propor- 
tions of rubber and catalyst: 1:10 (1,2) and 1:20 (3,4). (The catalyst was palladium on calcium carbonate.) 
Concentration of solution in volume per cent: 1—0.8, 2 and 3—0.4. 


The sharp decline in the curve of the rate of hydrogenation of rubber might 
be due to the obstacles to hydrogenation of the double bonds in partially 
hydrogenated rubber and to a decrease in the activity of the catalyst during 
hydrogenation. In order to explain the causes of the sharp drop in the curve 
of the rate of rubber hydrogenation, the effect of new portions of catalyst and 
rubber on the rate of hydrogenation in the presence of palladium on calcium 
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Fie. 4.—Hydrogenation of 0.4% rubber solution with palladium on calcium carbonate (1) and pallad- 
ium on nickel (2) with a ratio of rubber to catalyst of 1:10. The abscissa represents time in minutes; the 
ordinate the hydrogen absorbed in per cent. 


carbonate was studied. To depict the results of hydrogenation graphically we 
plotted the time (in minutes) on the abscissa and the quantity of hydrogen 
absorbed (in milliliters) in separate intervals of time on the ordinate. The 
results are shown in Figures 5 and 6. 

The sharp increase in the rate of hydrogenation when the newly reduced 
catalyst is used when compared with that when the hydrogenation process was 
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Fie. 5.—Effect of new doses of catalyst on rate of hydrogenation of the rubber solution (catalyst was 
palladium on calcium carbonate). Doses of catalyst: 1—Ist; 2—2nd; 3—3rd. he abscissa represents 
time in minutes; the ordinate the hydrogen absorbed (ml/min). 


interrupted (Figure 5), as well as the considerable decrease in the rate of hydro- 
genation of the second batch of rubber (Figure 6), reflect a drop in the activity 
of the catalyst during hydrogenation. The increase in the rate of hydrogena- 
tion of the second batch of rubber in comparison with the first batch, in which 
the process was interrupted (Figure 6), can be attributed to the obstacles to 
hydrogenation of the double bonds in the partially hydrogenated rubber. 


ISOLATION AND STUDY OF THE HYDROGENATED RUBBER 


In view of the decrease in activity of the catalysts studied during hydrogena- 
tion, it was impossible to trace the behavior of the double bonds in the rubber 
from the curves of the rate of hydrogenation. 

In order to determine whether selective hydrogenation of the double bonds 
takes place in rubber, and whether there is any connection between the struc- 
ture and certain properties of rubbers of various degrees of hydrogenation, 
rubber solutions were hydrogenated to various degrees, as measured by the 
amount of hydrogen absorbed on the same catalysts. After the absorption 
of the quantity of hydrogen necessary for hydrogenation of a given rubber 


2 


M, ,npucoedune 


i i L re 
5 10 0 5 10 mun. 
bpema 
Fig. 6.—Effect of new portions of rubber on the rate of hydrogenation of rubber solution (catalyst was 


palladium on calcium carbonate). Portions of rubber: 1—Ist; 2—2nd. The abscissa represents time in 
minutes; the ordinate the hydrogen absorbed (ml/min). 
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sample to the desired degree, nitrogen was bubbled through the flask and the 
flask was then emptied. In order to separate the catalyst, a solution of prod- 
ucts of the hydrogenated rubber was centrifuged at 2500-3000 rpm. Most 
of the solvent was then eliminated in nitrogen at 30—-35° and 100-60 mm pres- 
sure. The hydrogenated rubber was precipitated from the remaining solution 
with purified ethyl alcohol and dried to constant weight at 30-35° and 2-3 mm 
pressure. 

The following measurements were made of the original and the hydrogen- 
ated rubber: total unsaturation, content of external and internal double bonds, 
index of refraction, relative viscosity of benzene solutions (of the same composi- 
tion), and vitrification temperature. 

The total unsaturation was measured with a solution of iodine bromide". 
The number of outer double bonds was measured by ozonolysis'®. When rub- 
ber is ozonized in chloroform the resulting ozonide is a white gel-like mass 
which becomes a white loose/porous powder when the solvent is eliminated 
(15-18 min) in a bath at 20°. When hydrogenated rubber is ozonized the 
quantity of ozonide insoluble in chloroform decreases with an increase in the 
degree of hydrogenation, and after elimination of the solvent it is a colorless 
syrupy mass. The products of decomposition of the ozonides of the original 
rubber are completely soluble in water. When the ozonides of hydrogenated 
rubber are decomposed insoluble products are formed; the quantity of these 
increases with an increase in the degree of hydrogenation. 

In order to determine the number of interna] double bonds present we com- 
pared the curves of the rate of oxidation by benzoyl hydroperoxide of 1-vinyl- 
cyclohexene-3 and the specimen studied. The method is based on the differ- 
ence in the rate of oxidation by benzoyl hydroperoxide of the ethylene bond at 
various degrees of mixing'®. 

Benzoyl hydroperoxide recrystallized from alcohol had a temperature of 
fusion of 103-103.5°. The peroxide was 99.2-99.5% pure, representing 6.56% 
active oxygen (theoretically 6.61%). The 1-vinyl-cyclohexene-3 (the divinyl 
dimer) had a temperature of fusion of 65.5-66.2° (100 mm), n3?° 1.4601. The 
benzoyl hydroperoxide was prepared according to the method of Prikzhaev"’. 
The concentration of the peroxide solution obtained was usually about 1 per 
cent, based on the active oxygen. 

The solutions of divinyl dimer and the original and hydrogenated rubber 
solutions were prepared for oxidation from a calculation of 0.1 N, based on the 
consumption of halogen in the double bonds of the original rubber, taking the 
unsaturation of the original rubber as 100 per cent. For this purpose, 0.27 
gram of each of the oxidized substances was dissolved in 100 ml of chloroform 
in a graduated flask. 

Oxidation was carried out as follows: equal volumes 0.1 N solution of the 
oxidized substance and 0.2 N benzoyl hydroperoxide solution were poured 
into the flask, which was vigorously shaken, and the flask was placed in a 
thermostat where a temperature of 25° was maintained. At fixed intervals 
specimens were taken from the flask and titrated with a 0.1 N solution of 
sodium thiosulfite. From the data thus obtained the proportion of oxidized 
double bonds was calculated. The divinyl dimer was oxidized under the same 
conditions. 

The index of refraction of the rubber was determined on an Abbé refract- 
ometer'® at 20°. The relative viscosity of 0.08 per cent benzene solutions of 
rubber was determined in an Ostwald viscometer” at 25°. The vitrification 
temperature was measured on the apparatus of Marei”. 
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HYDROGENATION OF BUTADIENE RUBBER 


PROPERTIES OF DIVINYL RUBBER OF VARIOUS DEGREES 
OF HYDROGENATION 


Results of the study of the properties of butadiene rubber of various degrees 
of hydrogenation prepared with various catalysts are shown in Table I. It is 
seen that an increase of the degree of hydrogenation of rubber on palladium on 
nickel and on palladium on calcium carbonate causes a decrease in the unsatura- 
tion and the proportion of double bonds. A decrease in the ratio of external 
(1,2) to internal (1,4) double bonds in the rubber at a high degree of hydrogena- 
tion reflects a certain selectivity in the hydrogenation of the external double 
bonds. 

Since hydrogenation of rubber solutions hardly takes place at all on platinum 
black, a specimen of hydrogenated rubber was obtained with unsaturation of 
35.5 per cent on platinized carbon activated with doses of chloroplatinous acid. 
The results of measurement of the internal double bonds in the hydrorubber 
specimen also indicate the absence of complete selectivity in the hydrogenation 
of the double bonds. A certain preference of the external double bonds for 
hydrogen was observed on Raney nickel. 

Thus the results of measurement of the external and internal double bonds 
in partially hydrogenated butadiene rubber prepared with various catalysts 
show that the external double bonds of butadiene rubber are hydrogenated 
more rapidly than are the internal bonds. Study of the properties of buta- 
diene rubber at various degrees of hydrogenation disclosed a regular decrease in 
the index of refraction, a decrease in relative viscosity (of an 0.08% benzene 
solution), and a drop in the vitrification temperature at higher degrees of hy- 
drogenation. The decrease in the index of refraction of rubber with an increase 
in the degree of hydrogenation indicates the absence of cyclization, since in the 
opposite case the index of refraction would increase*™. The drop in the relative 
viscosity of equal benzene solutions of butadiene rubber with degree of hydro- 
genation may be due to the destruction and change in shape of the rubber 
molecules during hydrogenation in connection with changes in the chemical 
structure of the original rubber. 

The vitrification temperature of rubber is closely related to its elasticity. 
According to the kinetic theory of elasticity”, the energy of reaction between 
the rubber chain segments along the chains and between the individual chains 
depends on the chemical structure of the rubber. Our data on the hydrogena- 
tion of butadiene rubber show that the disappearance of the double bonds in the 
rubber molecule which is related to the conversion of the vinyl groups into 
ethyl groups and the simultaneous decrease in the double bonds, leads to a 
decrease in the energy of reaction between the individual chain segments, in- 
volving a decrease in the vitrification temperature. 


EXPLANATION OF THE CAUSE OF THE DECREASE IN RELATIVE VISCOSITY OF 
BENZENE SOLUTIONS OF RUBBER DURING HYDROGENATION 


In order to explain one of the possible causes of the drop in the relative vis- 
cosity of benzene-rubber solutions with the degree of hydrogenation, and speci- 
fically oxidative destruction caused by traces of oxygen in the hydrogenated 
system, rubber was hydrogenated on palladium on calcium carbonate in hep- 
tane in the absence of atmospheric oxygen, in both the absence and presence of 
the antioxidant Neozone-D (phenyl-2-naphthylamine). The solvent was dis- 
tilled twice in nitrogen; the rubber solution was also loaded from the ampoule 
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into the flask for hydrogenation in an atmosphere of nitrogen. Two per cent of 
Neozone-D was added to purified rubber precipitated from a benzene solution. 
The properties of the hydrorubbers obtained are shown in Table IT. 

Table II shows that the drop in the relative viscosity of benzene-rubber solu- 
tions during hydrogenation also takes place in the absence of oxidative destruc- 
tion (in the presence of the antioxidant Neozone-D). In order to resolve the 


TaB_e II 


PROPERTIES OF HyDROGENATED BUTADIENE RUBBER PREPARED WITH PALLADIUM ON 
Cautctum CARBONATE IN THE ABSENCE OF ATMOSPHERIC OXYGEN IN THE PRESENCE 
AND ABSENCE OF ANTIOXIDANT NEOZONE-D 


Relative 


viscosity 

Absorbed Unsatu- of 0.08% 

hydrogen, ration, benzene 

Hydrogenated rubber % A Np solution 
— 0 86.2 1.5121 1.310 
Purified 62.2 26.7 1.4905 1.253 
Purified 2% Neozone-D 79.8 9.0 1.4838 1.248 


question of the destruction of the rubber molecules during hydrogenation, the 
number and weight average molecular weights of the original and hydrogenated 
rubber were calculated. The results are shown in Table III. 

The data in Table III show that the weight average molecular weight of 
butadiene rubber does not change during hydrogenation, indicating the absence 
of destruction of the high-molecular part of the rubber. Slight destruction of 
the low-molecular part of the rubber, which is reflected in the drop in the mean 
numerical molecular weight of the rubber, cannot be a cause of the lower vis- 
cosity of benzene solutions of rubber after hydrogenation. In order to explain 


III 


Resutts oF MEASUREMENT OF MEAN MOLECULAR WEIGHT OF ORIGINAL AND Hypro- 
GENATED RUBBER PREPARED WITH PALLADIUM ON CALCIUM CARBONATE 


Relative 


viscosity 
Unsatu- of 0.08% Average molecular weight 
Rubber % solution Weight Number 
Original 86.2 1.310 715,000 162,000 
Hydrogenated 2.0 1.180 715,000 121,000 


the decrease in viscosity of benzene solutions of butadiene rubber during hydro- 
genation, it is necessary to assume that the disappearance of the double bonds 
in the butadiene molecule during hydrogenation leads to greater convolution 
of the molecule and consequently, to a decrease in its range of action in solution; 
in other words, the decrease in viscosity of benzene solutions of butadiene 
rubber due to hydrogenation is related to the change in the shape of the mole- 
cule. 


CONCLUSIONS 


1. Solutions of butadiene rubber were hydrogenated at atmospheric pressure 
and room temperature on the following catalysts: palladium on calcium carbon- 
ate; palladium on nickel, platinum black from platinum dioxide, platinized car- 
bon activated with doses of chloroplatinous acid, and Raney nickel. 
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2. It was established that when butadiene rubber is hydrogenated on these 
catal sts the activity of the catalyst decreases, evidently owing to its surface 
being obstructed with products of hydrogenation. It was consequently im- 
possible to study the behavior of the double bonds in butadiene rubber on the 
basis of the curves of the rate of hydrogenation. 

3. Specimens of butadiene rubber were prepared at various degrees of hy- 
drogenation on all these catalysts and the following quantities were measured : 
total unsaturation, proportion of external and internal double bonds, index of 
refraction, relative viscosity of 0.08 per cent benzene solutions, and vitrification 
temperature. 

4. It was established that when butadiene rubber is hydrogenated on the 
catalysts studied the external double bonds of the rubber are hydrogenated 
more rapidly than are the internal bonds. 

5. It was established that an increase in the degree of hydrogenation of 
butadiene rubber leads to a decrease in the index of refraction, relative viscos- 
ity of benzene solutions, and vitrification temperature. 

6. The decrease in the index of refraction of rubber during hydrogenation 
shows the absence of cyclization and can be explained by the disappearance of 
the double bonds of the rubber molecule. 

7. It was shown that the decrease in viscosity of benzene solutions of buta- 
diene rubber with increase in the degree of hydrogenation is due to changes in 
the shape of the rubber molecule during hydrogenation. 
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INTRODUCTION 


The wear of pneumatic tires is a complex phenomenon influenced by numer- 
ous factors which are often difficult to identify. Road tests, therefore, require 
a precise analysis of the conditions to which the pneumatic tires are subjected. 

Having at hand considerable experimental work and in agreement with 
recent publications the authors propose certain directives which permit the 
elimination of disturbing factors, thanks to the use of statistical methods ap- 
plied to the laying out of an experimental program and to the analysis of the 
results. The importance of the type of road covered and of the climatological 
factors is pointed out: ambient temperature, hygrometry, etc., the influence of 
which one is able to measure. The nature of the tire itself is also considered. 
But this whole study makes stand out particularly the concept of “severity of 
the test’’, expressed as the absolute wear of the reference tire during the test 
under consideration. This concept of severity which moreover covers the 
totality of the conditions of experimentation allows the authors to give a new 
meaning to the laboratory tests on the abrasion machine. Although this cor- 
relation still has to be confirmed by numerous tests, it is an interesting attempt 
which seems to show promise. 

The study of the methods for testing the wear of tires in order to determine 
the resistance to abrasion of experimental mixtures, as well as the execution of 
such tests has already formed the subject of numerous publications! *:*:5-6"4 in 
the USA as well as in Europe’'**-"” where these methods are now in everyday 
use. It is known that the results of laboratory tests by means of which one can 
adjust at will the factors controlling the wear of mixtures are difficultly trans- 
posable to the domain of the pneumatic tire. In fact, in the course of a normal 
use, the latter is subjected to a very large number of influences acting independ- 
ently or not and making the interpretation of the results difficult. 

In over three years the investigations undertaken at the Rubber-Stichting 
and at the IFC have made possible the realization of about 400 tests both on 
the normal road and on the track. In analyzing these experimental data one 
has thus been able to verify the influence of a certain number of factors such as 
the position of the tire on the vehicle, the ambient temperature, ete., and one 
can throw light on the factors which dominate the severity of the tests, this 
severity playing a controlling role in the results of the experiments, and one can 
observe certain correlations between the various test conditions. 


* Translated from Revue Générale du caoutchouc, Vol. 33, pages 973-984 (1956). 
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TEST METHODS 


All of the authors already cited have stressed the necessity of operating 
under well defined experimental conditions to obtain reproducible results with 
good precision. This idea, coupled with economic considerations, has led to 
the conception of “typical tests” carried out under as precise conditions as 
possible. One can imagine that tests effected on special vehicles, used on differ- 
ent roads, at speeds and loading conditions which are variable, cannot give 
results which are as precise and as reproducible as tests effected on one or more 
vehicles specially reserved for this purpose, operating at constant load and speed 
on the same carefully chosen roads. 

Be that as it may, it has been attempted to compare the results on relative 
wear furnished by the special vehicles with those obtained by series of tests on 
private cars. Table I summarizes the observations made in the course of 
studies on the behavior of different rubber-synthetic resin combinations. One 
will note that the wear figures originating from the special vehicles are higher in 
general than those recorded by means of private cars. This is certainly due to 
the “severity” of the tests. This severity, as we shall see later on, plays an 
important role in the estimation of the relative values of the mixtures and can 
be expressed as being the absolute wear observed for the comparison mixture 
in the course of the test in question. 

Notwithstanding the perturbing influence of this severity one notes that the 
limiting zones of the two types of experiments (written between parentheses 
under the average result) cover each other to a large extent. Evidently, in the 
statements at the left hand side of Table I the influence of all conditions of use 
is neglected, an influence which it is attempted to eliminate by calculating a 
median value from a larger number of measurements. This method is both 
not precise and expensive”. In fact, to arrive sensibly at the same result it 
was necessary in the first case to use at least ten tests of about 10,000 km each, 
spread over 12 to 20 months, whereas in the other case 4 precise tests of 2000 
km were made, a distance which can easily be covered in a week. One can, 
nevertheless, ask oneself, if from the sole point of view of wear, the results ob- 
tained in the course of tests of short duration using only a small proportion 
of the tread (10 to 20 per cent as maximum) are comparable with those of 
tests of long duration going almost up to the disappearance of the design of 
the tread. 

This fairly controversial subject has been treated in various publica- 
tions’.5.4, Comparative tests are now being made, but one has already a 
certain number of indications?*.7:* according to which the relative resistance to 
wear of tires does practically not vary during the period of use after neglecting 
a preliminary period of about 500 km. It seems that one may be satisfied with 
relatively brief tests in the course of which the experimental conditions will 
only be subjected to a minimum number of variations. 

Usually, the wear undergone by a pneumatic tire in the course of experi- 
mentation is checked either by measuring the losses in depth of the tread in- 
dentations!*5.7, or by weighing before and after the test':?:>*°°. One has 
found, in practice, that the two methods are sensibly equivalent?"". One can, 
therefore, determine in the course of a ‘‘typical test” a resistance to wear for a 
given mixture but it is not possible to deduce with precision the absolute resist- 
ance to wear of this mixture. On the contrary, one can calculate with precision 
the relative resistance to wear of the mixture for the experimental conditions 


if 
167 
Re 
~ 


04 
sel 


(89°% 

03 FIG 
ore 
saqqni uosued 
03 Jeqqni 
xe jo 
IBaM JO OL BY 


0001 83503 jo 
wy 
MOL, 


(pBo1) 


SET 
ert 


(tes 
0} LIT 
zeqqni uosied 
-W109 04 Jeqqni 
xe jo 
JO 


@ TT 
dH F 


IT 
epuory 
youwey dH F 


AIT 
(prog) 
JH F 
8389} jo 
THIOL, 


O4BALIG 


‘An 


v 


u 


pesn 
jo 


SUVO NO GNV SUV() SLVAIMG NO SISH] 


= 
= 
Z 
x 
Z 
= 
= 
= 
= 
= 
= 
fea) 
a 


168 
22 2 #3 22 
3 a 3 : 
- 
re: 
~ 
3 
cod 
~ 


WEAR OF PASSENGER CAR TIRES 


chosen; this relative resistance is given by the formula 


Wear of the experimental tire 


ve Wear of the control tire 


The judicious choice of the form of the ‘‘typical test”’ permits moreover cal- 
culating, on the basis of the experimental data, a variation coefficient of the 
wear after elimination of the perturbing factors. This problem is resolved by 
the use of statistical methods applied to the determination?’ *:®’ of the experi- 
mental program and to the analysis of the results. For all of the tests mentioned 
in this article, the method described by Stiehler and his collaborators? has been 
used. It is briefly as follows. 

The four tires to be tested are rotated after each test period in order to 
occupy the 4 possible positions on the vehicle. The direction of the rotations 
is determined by the typical 4 X 4 Latin Square, taking into account the fact 
that it is preferable—to regularize the wear—to reverse the direction of rotation 
of the wheels after each driving period. 

The wear is measured by weighing the tires before and after each of these 
periods. To obtain good precision, the wheel equipped with its tire, equili- 
brated both statically and dynamically is carefully washed to eliminate any 
trace of mud or dust, then dried to constant weight at 38-40° C in a specially 
ventilated oven. The weighing is done on the deflated tire by means of a pre- 
cision balance sensitive to} gram. In practice, one is satisfied to determine the 
weight to 4} gram. When necessary, the data of the weight losses of the treads 
are changed into volumes, to take into account differences in density which 
may exist between the different mixtures tested. 

In the typical 4 X 4 Latin Square, at least one of the tires used serves as 
a control. The wear data are calculated by the geometrical averages method, 
a method which, theoretically, permits eliminating the particular influence of 
the period and position factors, as one can verify by examining in more detail 
the Latin Square described by Stiehler?*". 

If, for example, one calls 


a, b, c, and d the relative wears of tires A, B, C, and D experimented with 
by reference to any tire used for control, and 

k, l, m, and n the relative wears for the wheel positions AV G (front left), 
AV D (front right), AR G (rear left), and AR D (rear right) with respect 
to any position of reference, and 

w, x, y, and z the relative wears for test periods 1, 2, 3, and 4 with respect to 
any period of reference, 


we will obtain the wear values shown in Table IT. 

One can see that if one calculates the wear ratios among the tires, they are 
independent of the factors influencing the periods and the positions. For 
example, we have the following: 


Wear of tire B bVkimnwxysz b 


U, 


Wear of tire A a Vklmnwxyz a 


Evidently the same holds for the periods and for the positions. The meth- 
ods of statistical calculus permit, in addition, the calculation of the total vari- 
ation intervening for the whole of this Latin Square, as well as the partial 
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variations due to the factors: tires, periods and positions. One can thus find by 
difference the residual variation which furnishes an estimate of the error made 
in the test, from which one can deduce the limits of trustworthiness to 95 per 
cent, between which is located the ratio of wear between an experimental tire 
and its reference tire. 

For the whole of the experiments this error approximates 10 to 15 per cent, 
but the precision of a particular test may vary considerably in one sense or the 
other of these values, for it is tied practically to all of the factors capable of 
influencing wear (test speed, load, type of route, type of driving, weather condi- 
tions, etc). 

Finally, let us specify that for the majority of the tests cited in the course of 
this article, three types of vehicles have been utilized riding with a load of 300 
kg, driver included; they are the following: 1 Peugeot “203” car (utilitarian 
400 kg); 2 Renault ‘“‘Frégate’’ cars; and 2 Ford ‘Mainline”’ cars. 


II 
4 X 4 Latin SQUARE AND CALCULATION OF THE 
GEOMETRICAL AVERAGES OF THE WEAR 


Geometrical 
average 


Tires 
Periods. per 
1 w Vabedkimn 


2 


3 y Vabedkimn 
ARG 
4 anz dmz 2 Vabedkimn 
ARD ARG 
Geometrical aVkimnwxyz bYkimnwxyz eYkimnwxyz dWkimnwxyz 
average per tire 
Position AV. Gauche AV. Droit AR. Gauche AR. Droit 
Geometrical k abedwxyz 1 abedwxyz m Vabedwxyz n Yabedwxyz 
average per position 


These cars are all equipped with recording equipment making possible the 
control of the test speed. 

Depending on the case, these vehicles are equipped with 165 < 400, 185 x 
400, 640 < 15 or 670 X 15 tires, inflated to the normal pressures recommended 
by the manufacturers for the load and the type of vehicle used. 

These cars can be driven on several test circuits, namely: 


In Holland: 


Automobile highway The Hague-Utrecht-Amsterdam ; 

Eindhoven-Roermond highway ; 

Route in the Belgian and Luxemburgian Ardennes (Maastricht, Liége, 
Spa, St. Vith, Ettelbruck, Mersch, Echternach, Diekirch, St. Vith, 
Liége, Maastricht). 


In France: 


Montlhéry, Dourdan, Ablis, Chartres, Le Mans, La Fléche highway and 
return ; 


& 
2 
AVG AVD ARG ARD 
alx bmx enx dkx x Vabedkimn 
’ AVD ARG ARD AVG 
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Nimes, Montpellier, Narbonne, Perpignan and return; 

Road circuit of 9180 km of the Linas Montlhéry race track. 

Except for the Montlhéry track on which the wear values are extremely 
high, the length of travel between 2 measurements of wear varied between 400 
and 500 km. 


FACTORS AFFECTING WEAR 


It is known that the factors which may affect wear are extremely numerous 
and often difficult to detect in the course of a normal test as their causes are 
often complex. In order to try to fix the ideas these factors may be broken 
down into two large categories: 


1—Those which may be determined by the experimenter. 
2—Those which escape him and which are due to chance. 


This notion of hazardous factor is nevertheless fairly vague for under certain 
conditions an uncertain factor may become determinate, or at least its import- 
ance may be reduced very much. For example, rain in the course of a test is 
considered as a disturbing factor, independent of the known data of the 
experiment; it is possible, however, to avoid it by suspending the test on rainy 


Taste III 
INFLUENCE OF THE CONDITION OF THE SUSPENSION ON THE 
ReiativE WEAR BY PosiTION oF PNEUMATIC TIRES 
Ratio of wear by position 

Position Abnormal 
Front left 1.00 
Front right 90° 0.95 


Rear left 5 1.21 
Rear right 1.05 


days. One may also attempt a classification of the perturbing effects by order 
of importance. Unfortunately the appreciation of this importance always 
remains subjective. 

It has been judged preferable, although it is arbitrary, to consider in the 
first place the effects which have principally a repercussion on the factors of 
“position, period and tire” defined by the typical Latin Square, and to study 
the more complex effects later. 

Factors influencing wear and depending on the position of the wheels ——The 
position of the tire on the vehicle has a very great importance from the point 
of view of wear'?-5-6.7.8 although it is possible theoretically, as we have seen 
above, to eliminate this influence by means of a mathematical artifice. It is of 
interest, nevertheless, to consider the mode of action of the experimental condi- 
tions on this factor. In the first place the mechanical defects of the vehicle 
should be mentioned, such as the parallelism of the wheels or the condition of 
the suspension. 

By way of example, here are a few figures taken from tests on the stretch 
Montlhéry-La Fléche with a Renault “Frégate” car (Table III). The left 
front wheel is used for comparison. 

The anomaly of relative classification of the different positions has shown an 
accidental deterioration of the left rear shock absorber with repercussion on the 
right rear position. It must be mentioned that a careful inspection of the test 
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data often allows the detection of such a defect even before it becomes percep- 
tible by the driver. Thus, there is in this manner an effective means of verify- 
ing certain test conditions. 

Thus it has been possible to compare the behavior of three types of vehicles 
used in the researches (Table IV) on the 9180 km Montlhéry road circuit. 

One notes that the front wheels of the Renault and of the “Mainline” Ford 
wear more than the rear wheels whereas the opposite is true for the Peugeot 
203 U. 


IV 


RELATIVE CLASSIFICATION OF THE POSITIONS OF THE WHEELS 
ror THREE Types OF VEHICLES 


Position Peugeot 203 


Front left 
Front right 
Rear left 
Rear right 


Finally, just like the type of vehicle, the type of test circuit used, by influ- 
encing the severity of the tests, may also affect this classification as is shown by 
the figures in Table V as well as by Figure 1. 

This quick review shows up clearly the necessity of operating under condi- 
tions which are as definite and as reproducible as possible, in order to obtain 
results which are comparable from one test to the other. It can be seen also 
that the passage from one set of experimental conditions to another may bring 
about a search for correlations between the diverse elements which enter into 
the determination of the wear. 


TABLE V 


INFLUENCE OF THE TyPE oF Test RovuTE ON THE 
Retative WEaR BY POSITION 


Eindhoven- 
Position Roermond Ardennes 


Front left 1.00 
Front right 1.16 
Rear left ; 0.70 
Rear right 0.68 


Severity in cc/1000 km. 


Factors affecting wear in the course of the test periods.—The variations in wear 
from one test period to another, often originate from causes which are difficult to 
define. It has been thought that atmospheric factors were at the origin of 
these perturbations; they escape to a large extent the will of the experimenter 
who must limit himself to the making of such an observation. 

Thanks to the meteorological station of the Linas Montlhéry race track, it 
has been possible to study, during the various tests, the influence of these di- 
verse factors on the wear of pneumatic tires. 

One of the most important factors is made up of atmospheric precipitations ; 
the presence of a coating of wetted soil in all cases brings about a decrease in 
wear. It has been possible to establish, on the basis of the known experimental 
data and the comments made by the drivers in the notebook carried in the 
vehicles, a sort of wear scale as a function of the raininess. One can also calcu- 
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Fra. 1. a  - of severity of the tests on the relative wear 
(Montlhéry race track). 


late on the basis of the known data of the experiment, an approximate correc- 


tion factor applicable to the disturbed period. Table VI summarizes some 
4 


typical data obtained in the course of tests on the Montlhéry road track. 4 
The rain is not the only atmospheric factor which intervenes in the course 
of the tests with pneumatic tires. It has been thought that the hygrometric 


Tasie VI 
INFLUENCE OF THE RAIN ON THE WEAR PER PERIOD 


Average wear Average wear 
during non- during rainy J 
rainy periods periods Ratio 
(ec /1000 km) (ee /1000 km) Col. (1) 
(i) (2) Col. (2) Remarks* 
209 196 1.07 Brief shower—ground 
drying rapidly 
732 627 1.18 Rains several times in 
succession—ground drying 
rapidly—about 10 to 15% 
of the stretch driven on 
wet highway 
Heavy soil drying with 
difficulty in spots, 
35-50% of stretch driven 
on wet highway 
Rain during 50% of the 
841 . distance. Circuit wet dur- 
ing about 70-75% of the 
test period 
138 14 t Practically continuous rain 
during the entire test 
peri 
* Taken from the roadlogs ofjthe drivers, 
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VARIATION D’HYGROME TRIE 
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Fic. 2.—Influence of oy variations in the hygrometric conditions (ordinate) of the ambient air on the 
relative wear (abscissa), by periods, of pneumatic tires. Each point represents the average of about 10 
readings. 


condition of the ambient air could also have a marked influence on the wear. 
It was difficult to detect this effect as the diversity of the tests made, as well as 
the variations of the climatological conditions, made a direct analysis of the 
phenomenon practically impossible. However, when plotting the hygrometric 
variations from one test period to another as a function of the wear ratios be- 
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RAPPORTS D’USURE PAR PERIODES 


Fic. 3.—Influence of temperature variations of the ambient air on the pation wear by periods (abscissa), 
Each point is the average of 10 readings 
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tween these same periods (Figure 2), one has come to the conclusion that an 
increase (or decrease) of 10 per cent in the hygrometry could cause a decrease 
(or increase) of about 3.5 per cent of the wear, a figure which is far from being 
negligible. 

On the other hand it was known that the ambient temperature can play an 
important role in the course of the tests*-*:”* and it appeared interesting to be 
able to measure its average effect. 

As in the case of the relative humidity, the diversity of the tests prevented a 
direct estimation of its influence. Plotting the variations in temperature as a 
function of the wear ratios from period to period, a straight line of regression 
was obtained (Figure 3) from which could be deduced that an increase (or de- 
crease) in temperature of 1° C caused an increase (or decrease) of 12 per cent in 
wear. 
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0,50 0,75 1 1,25 450 4,75 
RAPPORTS D'USURE PAR PERIODES 


Fie. 4.—Influence of the variations in speed (ordinate) on the relative wear Aaa periods (abscissa). Each 
point represents the average of about 10 tests 
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This value appeared to be exaggerated and so it was thought that a per- 
turbing effect in the same direction had superposed itself on the temperature 
effect. It seemed to have as origin the variations in wear due to the variations 
in average speeds from one period to the other. 

The close examination of the speed records obtained in the course of the 
experiments has made it possible to establish Figure 4 giving the variations 
in wear ratios from period to period as a function of the variations in average 
speeds. 

One could, therefore, estimate the slope of the real wear curve as a function 
of temperature by difference between the calculated slopes of the straight lines 
of Figures 3 and 4. This ended up as a variation of the order of 3 per cent/° C. 

However, it has been attempted to confirm this figure by trying to measure 
directly the influence of the temperature on wear. For this purpose two test 
series have been carried out, as identical as possible from the point of view of 
experimental conditions, but by choosing two periods of the year which were 
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capable of giving respectively a high and a low average temperature. One can 
verify from the data given in Table VII, that the average coefficient is 3.3 per 
cent/degree, a figure which is in good agreement with the result found previ- 
ously by differentiation of the temperature and speed effects. 

Factors affecting pneumatic tire wear directly —One is once more faced with 
extremely complex phenomena, in which the frame of the pneumatic tire as 
well as the type of the tread intervene in various degrees. 

For the realization of wear tests on pneumatic tires one of the problems 
which the experimenter faces is that of knowing if the utilization of recapped 
tires leads to comparable results with those obtained on new tires. Let us 
specify that for the majority of the tests of which mention is made here the 
term recapping has a special meaning. In fact, there is generally understood 
by this term the application of a new tread on a tire which has already been run 


VII 
INFLUENCE OF THE AMBIENT TEMPERATURE ON TIRE WEAR 


Average ambient Average wear in 
Date of the test temperature ° C cc/1000 km 


July 1955 +26° 5 176 
February 1956 —2° 91 


a certain number of kilometers. In the case of interest to us here, it has to do 
in reality with the putting in place of a new tread, made up of an experimental 
mixture, on a new tire which has been uncapped mechanically, i.e., which has 
never been used. A thorough study of this factor is actually being carried out, 
but according to the preliminary results it does not seem that there is a signifi- 
cant difference between the readings obtained by the two types of experiments. 

In the case of classical recapping after normal wear of the original tread it 
is no longer the same. It was observed that the kilometers accumulated, as 
well as the number or recappings, tended towards increasing the wear slightly ; 
for example, for two successive recappings and about 20 to 25,000 km of travel, 
wear increases 4 to 6 percent. This appears to be due to a change, in the course 
of the various operations, of the radius of curvature of the tread". 


Taste VIII 
INFLUENCE OF THE STORAGE TIME ON THE WEAR RESISTANCE 
Fresh tires Stored tires 
Wear in cc/1000 km 36.6 34.4 


Nevertheless, in order to minimize this parasitic evolution it is preferable to 
carry out the tests by utilizing tires of the same origin having undergone the 
same treatment cycles. 

Another interesting point to be considered is that of the natural aging of 
pneumatic tires in storage which may cause changes in the resistance to wear of 
the tread. 

The tests undertaken have put in competition several groups of pneumatic 
tires freshly recapped by means of natural rubber treads, loaded with 50 per 
cent of HAF carbon black, and groups of identical tires normally stored in the 
warehouse for 13 months. It has been found (Table VIII) as a whole that 
storage increases the resistance to wear of the mixture by about 5 to 6 per cent. 

It must be noted that the results seem to be in disagreement with those pub- 
lished by Stiehler® and by Phillips Chemical Co.” in which the authors observed 
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TaBLe IX 
INFLUENCE OF THE TyPE oF MrxtuRE ON WEAR 


Wear ratio: 
experimental 


Mixture with a natural rubber Wear in 
base containing ee /10000 km 


100 chalk 2620 
12.5 resin R 2380 
50 SRF black 1150 
33 resin A 908 
50 MPC black (reference) 627 
50 HAF black 570 
50 SAF black 514 


a decrease of the wear resistance in the course of aging. It is probable that this 
divergence is caused by the fact that the wear resistance as a function of aging 
time goes through a maximum. 

Among all the factors which affect the wear of the tires, one of the most 
important is furnished by the type of mixture of which the tread is composed. 
This point has been the object of almost all of the tests made by the Institut 
Frangais and the Rubber Stichting, which have been concentrated particularly 
on the comparison of natural rubber and synthetic rubber (cold rubber), on 
the influence of the extension of natural rubber with oils, on the estimation of 
the respective values of various rubber-resin combinations, on the importance 
of the quality and of the quantity of the loading materials in the mixtures, etc. 

It is not possible to enter into the details of these studies which by them- 
selves alone could make the subject of a separate paper. To illustrate the 
influence of the type of mixture there have been assembled in Table IX the 
results observed during tests made at 60 km/hr on the road circuit of the 
Montlhéry race track, for certain types of loading materials. 

However, the relative position of the different mixtures are not unchange- 
able and may vary as a function of the experimental conditions®:”’. 

For example the ambient temperature, all other conditions being equal, may 
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Fie. 5.—Wear Bn pam wy as a function of the temperature for mixtures of 
natural rubber loaded with different carbon blacks. 
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Fie. 6.—Wear (ordinate) as a function of temperature for natural rubber 
and synthetic rubber (cold rubber). 


change the order of the classifications (Figures 5 and 6), as the course of the 
curves shows. 

In general, the “severity” of the test (which, let us recall, may be expressed 
as the absolute wear of the reference tire during the test under consideration) 
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Fie. 7.—Influence of the severity on the wear ratio (ordinate) of various tread mixtures of experi- 
mental alae to the reference rubber (temoin noir). Caout resin R means rubber resin R; zone d'essais 
sur piste means zone of race track tests; and caout + SRF noir means rubber + SRF black. 
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modifies profoundly the appreciation of the relative values of the various 
mixtures. Figure 7 (in which for clarity of the figure the experimental points 
have not been plotted) demonstrates quite well the importance of this factor. 

One is thus in the presence of a complex phenomenon as the severitz: of a 
test is in fact a function of the totality of the experimental conditions such as, 
for example, the climatological conditions, the type of driving, the median 
speed of the test, the type of circuit or of vehicle, etc. 


TABLE X 
INFLUENCE OF THE DRIVER ON THE SEVERITY OF THE WEAR TESTS 


Average Me Wear in 
Vehicles Test course — a 1000 km 
9130 km circuit 1000 
Renault Frégate of Montlhér 1320 
Montlhéry-LaFléche 77 
circuit 
Ardennes circuit 
Ford Mainline 


33 
49 


Eindhoven-Roermond 
circuit 


It was interesting to be able to determine the order of magnitude of certain 
of these factors. Thus one finds in the course of different tests that the driver, 
and thus the type of driving, has an importance which is not negligible (Table 
X), even when the different vehicles move as a group, thus at the same average 
speed. 

As we have already seen in the course of the study of the factors affecting 
the wear, in accordance with the position of the wheels, the type of vehicle 
intervenes. Thus, one has observed that under identical conditions of use the 
Peugeot 203 U wore out the tires about 1.4 times less than the Renault “Frégate” 
and the Ford “Mainline”. — 


TaBLe XI 
SEVERITY OF THE VARIOUS Roap Srretcues Usep FoR THE TESTS 


Severity expressed in 
ec/1 km of run 


Run 


The Hague-Utrecht-Amsterdam 

(auto road) 30 to 70 
Montlhéry-La Fléche circuit 80 to 120 
Ardennes Circuit 180 to 350 
9180 km road track at Montlhéry 150 to 2000 


It is also known that the type of circuit used is very important. In fact, 
every driver has been able to realize that the speed of wear of his tires was very 
different depending on whether he drove principally on the main highways, in 
the plains or principally on mountain roads. It is in order to be able to vary 
more easily the severity of the tests that one has been led to select the courses 
cited at the beginning of this paper. 

One can see that the severity increases when changing from an almost 
straight course (auto highway The Hague-Utrecht-Amsterdam) to a circuit 
offering numerous turns of high intensity (Montlhéry track). This is due to 
the fact that the wear increases very sharply with the average turning angle of 
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Fie. 8.—Relation of turning angle/wear for natural rubber tires. 


TasLe XII 


RELATIONSHIP BETWEEN THE WEAR RESULTS OBTAINED ON THE 
HIGHWAY AND ON THE TRACK 
Type of 
natural 


Dimension rubber 
Vehicle used of the tire mixture 


Renault Frégate 185 X 400 HAF black 


AH 


Renault Frégate HAF black 


Renault Frégate MPC black 


180 
: 
400 
400 
ae 
70 —— | 
60 
a Peugeot 203 U 165 X 400 HAF black 
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the wheels. It has been possible to estimate this effect independently in the 
course of special tests carried out by means of the dynamometric tow-car built 
in France by the ‘Technical Auto Union” (U.T.A.C.)'* and on which the wheels 
can be turned at will to a pre-determined angle. 

The results obtained with natural rubber tires have been summarized in 
Figure 8. 

The load on each tire was sensibly identical with that used on the car tests 
and the speed close to 60 km/hr. In accordance with wear values obtained in 
the course of these experiments it can be estimated that the average angle of 
turning on the Montlhéry road circuit is of the order of 3 to 4 degrees. The 


noi HAF PEUGEOT 
165 x 400] 203 u 


20 3 40 50 60 80 90 


VITESSE EN km/h 


Fia. 9.—Relation between the wear (usure) on the race track and on the highway 
as a function of the speed (vitesse). Noir means black. 


question can be raised whether the results of the tests made on this track cor- 
relate with those observed on the normal highway. To resolve this problem 
a series of experiments was made in which the same vehicles equipped with the 
same tires were driven at variable speeds alternately on the course Montlhéry- 
LaFléche and on the road track of the Montlhéry race track. It may be seen 
from Table XII and Figure 9 that a certain relationship exists between the 
results obtained on the road and on the track and that for an average speed of 
60 km/hr, there is between these two types of circuit a severity ratio approach- 
ing 10, practically independent of the type of tire and of the type of vehicle used. 


THE POSSIBILITY OF A CORRELATION BETWEEN ROAD 
AND LABORATORY TESTS 


In line with what precedes, the complexity of the factors which may affect 
the wear of pneumatic tires and the difficulties which may arise are measured 
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when one wants to evaluate the resistance to abrasion of an experimental 
mixture. This is why it has always been attempted to solve this evaluation 
problem through tests made in the laboratory by means of abrasion machines. 
Unfortunately, except for a few particular cases, the results obtained in this 
manner seemed to be in complete disagreement with those obtained from 
practical tests. The existence of a certain possible correlation between the 
road tests and the track tests, added to the fact that the wear ratios between 
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Fie. 10.—Wear-severity relationships for a few types of mixture. 


different mixtures could be modified profoundly as a function of the severity of 
the tests, led to an hypothesis according to which there was perhaps no discon- 
tinuity between the different evaluations since the abrasion machines created 
extremely severe conditions, of the order of 20 to 100 times those of the normal 
road; only the severity vitiated the estimations. To verify this idea, there has 
been plotted as a function of the wear of the different reference mixtures (sever- 
ity), the wear of the experimental mixture having served for the comparison. 
One can see in Figure 10 that the experimental points recorded for types of 
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mixtures which are as different as the rubber-resin combinations, the mixtures 
loaded with different carbon blacks, the mixtures with a cold GR-S base, line up 
correctly as a function of the severity of the test, both for the tests on the road 
and the track, and on the laboratory abrasion machine. 

The calculation of the correlation coefficients for these lines of regression 
has given figures exceeding 0.93. Tests are underway at present for the pur- 
pose of confirming these first results. They will probably be dealt with in a 
later paper. 

The examination of Figure 10 may explain the inversions in classification 
observed between the road test results and the laboratory results. In fact, this 
classification, expressed by the ratio 


Wear of the experimental rubber 
Wear of the reference rubber 


U, = 


may be deduced directly from Figure 10 for any severity, by calculating the 
ordinate 
abscissa 

It is seen that the values of these are dependent on the slope of the line ex- 
pressing the correlation between the experimental mixture and its reference. 
One can thus understand that a mixture which gives interesting results on the 
abrasion machine (case of the rubber extended with oil) may show a behavior 
on the road which is not as good, or vice versa (case of the rubber-resin A 
mixture). 


ratios. 


CONCLUSION 


One can thus say that in the course of tire tests, all of the experimental con- 
ditions, whether they affect more particularly the wear by test period or by 
wheel position, influence the wear results. 

Notwithstanding the complexity of these influences and of their interactions 
it has been possible to verify that a relation existed between the tests on special 
cars and those made on private cars commonly used by everyday users, and to 
establish a correlation between the normal road tests and accelerated tests on 
the track. 

These studies have shown the importance of the severity of the tests for the 
estimation of the relative value of the mixtures and it has been possible to evalu- 
ate the influence of a certain number of factors.on this severity which is, in 
reality, the resultant of the effects of all the experimental conditions on the 
wear of pneumatic tires. 

The variations in relative wear of the mixtures as a function of the severity 
have led to the thought that a correlation might exist between the practical 
tests on the road or on the track and the experiments made in the laboratory 
with the aid of abrasion machines. 

The existence of such a correlation is very important for it will permit an 
effective selection of the mixtures, destined for the manufacture of treads, in the 
research investigations. However, one must still look for a suitable adjustment 
of laboratory tests in order to obtain an estimation which is directly transpos- 
able to the complex domain of the pneumatic tire. 

This simplification, however, will not bring about the disappearance of road 
tests for it will, after all, be necessary to make a few practical verifications, be 
it only for studying the road behavior of the experimental mixtures or their 
resistance to cracking. 
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This study has been made within the framework of the research programs 
of the Rubber-Stichting and of the French Rubber Institute, the study being 
in turn a part of the entirety of the investigations pursued under the protection 
of the International Rubber Research Board. 
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FACTORS AFFECTING LABORATORY CUT-GROWTH 
RESISTANCE OF COLD SBR TREAD STOCKS * 


E. E. Aver, K. W. Doak, I. J. ScHAFFNER 


Unrrep States Russer Co., Generar Passaic, N. J. 


The relatively poor groove cracking resistance of cold styrene-butadiene 
(SBR) tread stocks is one of their principal defects. Groove cracking failures 
in tires involve the process by which small cracks, initiated by sharp objects or 
by ozone, grow in size as the tire is repeatedly flexed in service. The mecha- 
nism of fatigue cracking failures of this type is not clearly understood. Conse- 
quently agreement on methods of measuring crack-growth resistance in the 
laboratory and on techniques for making tread compounds less susceptible to 
groove cracking is not easy to attain. 

A completely satisfactory mechanism must explain such failures in terms of 
certain fundamental properties of the stock, such as the stress-strain properties, 
hysteresis, rate and extent of crystallization (if any) of the polymer during 
stretching, oxidation resistance, and the like. 

A major obstacle to investigations of the mechanism of fatigue cracking of 
rubber compounds has been the lack of reproducibility of the available tests. 
Thus, uncontrolled variations in the properties of the individual test specimens, 
particularly in the degree of cure as measured by the modulus (stress at 300 
per cent elongation), have been found in many cases to mask completely the 
effect of compounding variations. Similarly, uncontrolled variations in the 
testing procedure, such as differences in strain cycle due to slight irregularities in 
the way replicate samples are mounted in the test machine, further diminish 
the reproducibility of the test results. The difficulties involved in obtaining 
reproducible results in fatigue tests have been canvassed thoroughly by Buist! 
and by Buist and Williams? in recent reviews of the subject. 

The modified De Mattia cut-growth test that has been used in the labora- 
tories of U. 8. Rubber* for many years also suffers from the defects characteristic 
of flexcracking tests in general. Recently, however, it has been found possible 
to utilize this test in such a way that results having increased reproducibility 
and significance can be obtained. Of even greater interest is the fact that, by 
means of the improved testing procedure, a deeper insight can be obtained into 
the mechanism by which groove cracking takes place in cold SBR tread stocks. 

This paper reports the use of an improved testing technique to establish 
quantitative relations between cut-growth resistance and modulus, or between 
cut-growth resistance and ultimate elongation, of cold SBR stocks. Although 
the cut growth versus modulus function is of practical importance, a more funda- 
mental relation holds that the cut-growth resistance of cold SBR black stocks 
is largely determined by their elongation at break, regardless of other properties. 

* Reprinted from Rubber World, Vol. 135, No. 6, pages 876-885, March 1957. Contribution No. 163 
from the General Laboratories, United States Rubber Co. The present address of K. W. Doak is Koppers 
Co., Ine., Verona Research Center, Verona, : 
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DETAILS OF THE IMPROVED CUT-GROWTH TEST 


The use of the new testing procedure in determining cut-growth resistance 
involves no change in the method of making individual measurements by means 
of the modified De Mattia machine. The sample and test conditions are shown 
in Figure 1. One-inch-wide testpieces are cut from a molded slab 6 X 3 X 
0.375 inch, with a U-shaped groove 0.187 inch deep. Prior to testing, the 
center of the groove is pierced through with a needle 0.037 inch in diameter in 
order to initiate a cut. The samples are then flexed through an angle of 85 de- 
grees at the rate of 287 cycles per minute until the cuts have grown to approxi- 
mately 0.5 inch in length. The machine is so adjusted that the testpieces are 
in a position of zero strain at the beginning of each flexing cycle. The results 
obtained at room temperature (80 + 5° F) and 150 + 3° F are expressed as 
cut-growth resistance in kilocycles of flexing per inch of crack growth. 

The usual method of characterizing the cut-growth resistance of a stock is to 
average the results obtained on a number of testpieces that have a state of cure 


SPECIMEN 


Fie. 1.—Details of by U. 8. Rubber per of bond, resistance on the 


modified De Mattia iti are as follows: angle of bend, 0 to 85 degrees ; frequency, 
287 cycles/min; temperature, 90 1 to $180" F; piercing needle, 0.037 inch in diameter. 


considered optimum for the intended use of the compound under investigation. 
The reproducibility of such results usually is poor; an important cause is the 
difficulty of securing a precisely defined, highly reproducible state of cure. 
Even slight cure variations may produce large variations in the cut-growth re- 
sistance of the testpieces, and this point is especially true of SBR stocks, whose 
fatigue properties are very sensitive to the state of cure. 

The improved method, developed primarily for the purpose of minimizing 
the effect of uncontrolled variations in the state of cure, consists of determining 
the cut-growth resistance of each formulation over a very wide range of cures. 
The results are then plotted against some physical measure of the state of cure. 
When the modulus (stress at 300 per cent elongation) is used as a measure of 
the state of cure, there results from every such test a band of points, each of 
which represents the cut-growth resistance and the modulus of an individual 
testpiece. In spite of the error inherent in individual cut-growth measure- 
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ments, it has been found that a curve fitted either graphically or by the method 
of least squares to the data thus obtained has a fairly high degree of reproducibil- 
ity. From such a curve, the cut-growth resistance of a stock can be determined 
at any desired modulus value, with greater precision and significance than was 
possible previously. 

In using the new method, modulus values are obtained in the usual manner 
on testpieces cut from slabs 6 X 6 X 0.1 inch that are prepared along with the 
cut-growth samples. Swelling measurements have shown that the modulus of 
the tensile test slabs is virtually identical with that of the rubber in the grooved 
region of identically compounded and cured cut-growth testpieces. 


RELATION BETWEEN CUT-GROWTH RESISTANCE AND MODULUS 


Although the primary purpose for developing the new testing procedure was 
simply to improve the reproducibility and increase the significance of cut- 
growth measurements, it soon became apparent that through this technique a 
relation between cut-growth resistance and modulus is disclosed that is in itself 
quite important and that could be used to study other factors which affect 
cracking. 


TaBie 
Cotp SBP. Compounps 


SBR 1500 


Carbon black 52 
Softener 6 
Stearic acid 1 
Zinc oxide 3 
N,N’-diphenyl-p-phenylene diamine (JZF) 0.35 
Mercaptobenzothiazole 0.6 to 1.0 
Diphenylguanidine 0.3 to 0.6 
Sulfur 1.0 to 3.5 


Blacks: HMF, FEF, HAF, SAF 
Cure: 30 to 120 minutes at 274° F. 


For example, a conventional cold SBR tread stock containing 52 parts of a 
high abrasion furnace black was cured to various modulus levels as shown in 
Table I. Modulus variations were obtained by varying the amounts of acceler- 
ator and sulfur and the curing time, separately or together. A semilogarithmic 
plot of the cut-growth resistance (kilocycles per inch growth) versus the 300 per 
cent modulus is shown in Figure 2. The results obtained at room temperature 
fall within a well-defined band; while the results obtained at 150° F fall within 
a lower band. In each case the plot is nearly linear over the modulus range of 
800-2800 psi, so that within this range the results can be expressed by the 
relation 

log (KC/in) = a — b(M) (1) 


where: KC/in = cut growth resistance in kilocycles per inch. M = 300 per 
cent modulus in pounds per square inch. a and bare parameters which are con- 
stants for a given stock at a given temperature. 

The cut-growth resistance of SBR tread stocks has long been known to de- 
crease with increasing cure, but by determining cut-growth resistance as a func- 
tion of modulus over a wide range of cures, the logarithmic nature of the decrease 
becomes clearly evident. The data also reveal an unsuspected maximum in the 
cut growth versus modulus relation and indicate that the cut-growth resistance 
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of a SBR/HAF tread stock may be adversely affected if the state of cure is 
reduced to too low a value. 

Similar curves, but with different parameters, are obtained using equilibrium 
modulus values measured at 300 per cent or 100 per cent elongation. For 
simplicity, however, first pull values at 300 per cent extension were used in all 
data reported here. 

From the data in Figure 2 and from similar data at other temperatures, the 
temperature coefficient of crack propagation can be determined at any modulus 
level. Thus at a modulus of 1200 psi the rate of crack growth approximately 
doubles with every 21° F (12° C) rise in temperature between 80° and 150° F, 
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Fie. resistance versus 300 cent modulus 
for SBR stock containing 52 phr HAF black. 


and the cut-growth resistance at 150° F is only about 1/10 that at 80° F. This 
temperature coefficient agrees well with that recently obtained by Buist' for 
SBR tread stocks with a Flipper machine‘. The temperature coefficient varies 
somewhat with the modulus and, at any given modulus value, with the type of 
filler used. 


INSENSITIVITY OF CUT GROWTH-MODULUS RELATION 
TO COMPOUNDING AND CURING VARIABLES 


To obtain the extensive modulus variations required by the procedure de- 
scribed above, it is necessary to vary the accelerator and sulfur concentrations 
in the stock or the curing time, individually or simultaneously. The question 
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TaBLe II 


Curing Systems ror SBR/HAF Buack Srockx 
SBR 1500 100 
HAF black 52 
Softener 6 
Stearic acid 1 
Zine oxide 3 
Conven- 
tional Low sulfur Tuex 
Mercaptobenzothiazole 0.6-1.0 
Diphenylguanidine 0.3-0.6 
Tetramethylthiuram sulfide 1.5 
Sulfur 1.0-3.5 0.35-1.25 
Tetramethylthiuram disulfide 1.5-10.0 


Cure: 30 to 120 minues at 274° F, 
15 to 90 minutes at 293° F. 


immediately arises as to whether these curing variations themselves influence 
the cut-growth resistance of the vulcanizates. Generally speaking, a SBR 
stock can be brought to a given modulus by using any one of a variety of curing 
systems and curing conditions in conjunction with one another. If however, 
the cut-growth resistance corresponding to a given modulus depends upon the 
way in which the modulus is obtained, it is clear that reproducible relations 
between cut-growth resistance and modulus will be difficult to obtain. 

For this reason it was necessary to compare the cut-growth versus modulus 
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Fria. 3.—Effect of type of cure on cut-growth resistance versus 
300 per cent modulus for SBR tread stock. 
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relations of tread stocks that were identical except for the method used to vary 
the modulus. These cold SBR stocks were all prepared from the same master- 
batch containing 52 parts of high abrasion furnace (HAF) black. The formula- 
tions, shown in Table II include: (a) a conventional curing system with varying 
amounts of sulfur and accelerator and varying curing times and temperatures; 
(b) a highly efficient low sulfur vulcanizing system with a high accelerator con- 
tent and with varying sulfur levels and curing times; (c) a non-sulfur curing 
system using tetramethylthiuram disulfide, with varying curative levels and 
curing times. 

Figure 3 shows that, within the limits of experimental error, the cut growth 
versus modulus relations for any given tread stock is independent of wide varia- 
tions in the curing system and in the curing conditions. 
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Fic. 4.—Effect of antioxidants on cut-growth resistance versus 300 per cent 
modulus for SBR/HAF black stock. 
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EFFECT OF ANTIOXIDANTS ON CUT-GROWTH RESISTANCE 


Evidence has accumulated which indicates that oxidation during flexing is a 
contributing factor in cut-growth and fatigue failure of Hevea rubber stocks. 
Flexcracking failure occurs much more rapidly in the presence of air than in 
nitrogen, and antioxidants such as a diphenylamine-acetone reaction product 
(BLE), N,N’-diphenyl-p-phenylene-diamine, or phenyl-2-naphthylamine 
(PBNA) improve flexcracking resistance markedly®. On the other hand, any 
improvement in the flex-cracking resistance of SBR stocks due to antioxidants 
was not detected by previous test methods**. It was of interest, therefore, 
to determine whether the effect of antioxidants could be detected by their effect 
on the more sensitive cut growth-modulus relation of SBR stocks. 

In one set of experiments, PBNA or BLE in combination with JZF were 
added to an antioxidant-free SBR containing 52 parts of HAF black. The 
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polymer used was a special batch coagulated and dried at low temperature in 
order to prevent gel formation, since the presence of gel as a result of inade- 
quate stabilization of SBR has been shown to reduce cut-growth resistance’. 
The stocks were cured by the vulcanizing system shown in Table I, and the 
amounts of antioxidants are shown in Figure 4. Modulus range was obtained 
by varying sulfur from 1.0 to 3.5 parts. 

The results obtained at room temperature, shown in Figure 4, reveal a 
slight, but significant upward shift in the plot of log KC/in versus modulus, due 
to the incorporation of antioxidants. A smaller shift is observed for results ob- 
tained at 150° F. Thus, addition of small amounts of antioxidants improved 
very slightly the cut-growth resistance of otherwise antioxidant-free cold SBR 
tread stocks. In other experiments, not shown in detail, the addition of up to 
4.0 parts of PBNA to a stock already containing the normal amount of antioxi- 
dant gave no further improvement in the cut-growth resistance. 

These observations lead to the conclusion that the oxidation of SBR in the 
growing crack during the cut-growth test is not an important factor in crack 
propagation, in contrast to the behavior of natural rubber. The absence of 
specific effects of antioxidants on cut-growth resistance of unaged SBR vul- 
canizates is in agreement with the previously cited observations. 


INSENSITIVITY OF THE CUT GROWTH-MODULUS RELATION TO AGING 


During air aging at elevated temperatures, several chemical reactions af- 
fecting the modulus of rubber compounds occur simultaneously. Some of the 
reactions tend to increase the modulus. Among these are the formation of new 
crosslinks due to oxidation reactions and the formation of additional] sulfur cross- 
links due to combination of residual free sulfur with the rubber. On the other 
hand, chain-scission reactions simultaneously decrease the modulus. 

In the case of SBR vulcanizates, crosslinking reactions which increase modu- 
lus predominate’. This physical change reflects not only a net increase in the 
density of crosslinks, but, equally important, a change in the kind of crosslinks. 
The new crosslinks formed during aging are generally considered to consist of 
both carbon-oxygen and carbon-carbon bonds, formed as a result of free radical 
oxidation reactions. 

The fatigue-cracking resistance of SBR vulcanizates is known to decrease 
rapidly during aging”. In view of the data already presented in this paper, it 
would seem quite possible that the loss of cracking resistance during aging is 
simply a function of the increase in the modulus of the stock. It is also possible, 
however, that the change in the chemical nature of the crosslinked network 
referred to above might establish in the aged stock a structure that is inherently 
poor in flexcracking resistance. According to the latter view, an aged stock 
would exhibit a much lower cut-growth resistance than does an unaged stock 
having the same modulus. 

By determining the cut growth-modulus relations of SBR stocks before anp 
after aging, it is readily possible to distinguish between these two mechanisms. 
If the loss in fatigue resistance during aging is due simply to the increase in the 
number of crosslinks, irrespective of their chemical character, then the cut- 
growth resistance for both aged and unaged stocks will obey the same logarith- 
mic modulus relation. But if the change in the chemical nature of the cross- 
links is important, the cut-growth resistance for aged stocks will deviate sig- 
nificantly from that of unaged stocks having the same modulus. 

Such an investigation was carried out on the SBR tread stock containing 
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52 phr of HAF black, shownin TableI. Cut-growth resistance was determined 
as a function of modulus for unaged vulcanizates and for the same stocks after 
two and four weeks of aging in circulating air at 158° F (Geer aging). The 
data shown in Figure 5 reveal that as aging progressed, the modulus of the vul- 
canizates increased markedly, but the cut-growth resistance was affected only 
to the extent that the modulus increased. After the samples were aged two and 
four weeks, the plot of log (KC/in) versus 300 per cent stress coincides with that 
characterizing the unaged samples. During Geer aging, changes in the chemi- 
cal nature of the network structure of the vulcanizate evidently have no effect 
on cut growth in this SBR formulation. Similar results have been obtained in 
studies of other types of SBR tread stocks. 
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Fie. 5.—Effect of Geer aging on yoo yet resistance versus 300 cent 
modulus for SBR/HAF black stock containing normal antioxidant. 
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The insensitivity of the cut growth-modulus relations to aging, however, 
might be due to the effect of antioxidant in the stock. As aging progresses, the 
concentration of antioxidants originally present gradually decreases, but it 
seemed possible that even after several weeks of Geer aging, enough residual 
antioxidant might remain to affect the nature of the results. The preceding 
experiment was therefore repeated with the specially prepared stock com- 
pletely free of antioxidant, described in the preceding section. The cut growth- 
modulus relation was determined before aging and after two and four weeks of 
Geer aging. The results, shown in Figure 6, are similar to those obtained with 
stocks containing a normal amount of antioxidant, shown in Figure 5. Thus in 
both cases the effect of Geer aging on cut-growth is that caused by the increase 
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in modulus, and the benefit of antioxidant stabilizers on the cut-growth resist- 
ance of SBR vulcanizates is due only to the prevention of inordinately large 
increases in modulus. 


VARIOUS TYPES OF CARBON BLACKS IN COLD SBR TREAD STOCKS 


The improved testing techinque was employed in a comparison of different 
types of carbon black in cold SBR tread stocks. Formulations involving four 
different types of furnace blacks at loadings of 52 phr, but otherwise similar, 
are shown in Table I. In each case variations in the modulus over a very wide 
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Fie. 6.—Effect of Geer cut-growth resistance versus 300 per cent 
modulus for Sibi TAP ol black stock containing no antioxidant. 
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range were obtained by varying the acceleration, sulfur, and the curing time. 
A single blend of SBR was used for all masterbatches. Carbon black, zinc 
oxide, and softeners were incorporated in a laboratory “B’” Banbury mixer; 
the discharge temperature, after a 10 minute mixing cycle, was 285-300° F. 
The remaining ingredients were incorporated on a mill. 

Figure 7 shows the cut growth versus modulus curves obtained at 150° F for 
each of the formulations of Table I. It will be understood that each curve repre- 
sents a band of data similar to those in Figures 2-6. The results show that in the 
modulus range of 800-2800 psi each type of black gives a logarithmic relation 
between cut-growth resistance and modulus, of the type represented by Equa- 
tion (1). Different blacks, however, give curves with different slopes; so the 
relative ratings of the compounds depend upon the modulus at which they are 
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1600 2400 


300% MODULUS, Ibs./in.2 


. 7.—Effect of carbon black on cu wth resistance versus 300 per cent 
modulus in cold SBR tread stocks. 


CUT GROWTH RESISTANCE— 150° F Ke./inch. 


compared. The reason for confusion about the relative ratings of different 
blacks in SBR undoubtedly lies in the fact that crossovers exist in the cut 
growth-modulus curves. Thus, HMF and FEF blacks give the best cut-growth 
resistance at low modulus levels; in the range normally used for tires, HAF and 
“wy are superior ; while at very high modulus (2000 psi or more) SAF black may 

best. 

The cut growth versus modulus relation for stocks containing the finer 
furnace blacks (FEF, HAF, SAF) tends to exhibit maxima at 300 per cent moduli 


TaBLeE III 


Siopes AND INTERCEPTS oF Cur GrowTH—-MopvuLus 
Curves ror DIFFERENT BLAcKs* 


Value of parameters 


At room 


At 150° F 


Black 


HMF (Kosmos 40) 
FEF (Philblack A) 
EPC (Wyex) 

MPC No. 6) 
HAF (Philblack O) 
SAF (Philblack E) 


* Values of the parameters, a and b, Equation (1), for linear portion of curves. Blacks listed in order 
decreasing values of b at 150° F. " ” 
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a 4.17 1.47 3.52 1.90 
ae. 4.57 1.29 3.20 1.16 
Te 3.39 0.91 2.44 0.77 
ag 3.77 1.12 2.39 0.68 
bi 3.67 0.74 2.59 0.64 
= 3.11 0.58 2.44 0.59 
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in the vicinity of 600 psi. For these stocks the linear logarithmic relation 
between cut growth and modulus appears to break down at low modulus values. 
For stocks that contain larger particle size blacks, such as SRF (semi-reinforcing 
furnace), there is usually no breakdown in the linear relation, even at very low 
modulus. These observations will receive more attention later on. 

Although not shown in Figure 7, the curves representing the cut-growth be- 
havior of the different blacks at room temperature are, generally speaking, 
similar to those obtained at 150° F except that the cut-growth resistance values 
obtained at any given modulus level are roughly 7 to 10 times as great at room 
temperature as they are at 150° F. 

The experiments just described can be extended to include other blacks. 
The blacks tested can then be compared with respect to the slopes and intercepts 
of the linear portion of the cut growth-modulus curves that characterize the 
formulations in which they are present. Numerical values of these parameters, 
designated as a and 6 in Equation (1), have been calculated both at room tem- 
perature and 150° F for stocks having six different types of black at loadings of 
52 phr. The results areshownin Table III. From these values, the laboratory 
cut-growth resistance of any of the stocks can be calculated with a fair degree of 
accuracy at any modulus value over the linear range (between 800-2800 psi) 
through substitution in Equation (1). 

The value of the parameter, b, shows in each case the logarithmic decrease 
in the cut-growth resistance brought about by a unit increase in the 300 per cent 
modulus; these values are thus a measure of the sensitivity of the cut-growth 
resistance of the various stocks to changes in modulus, regardless of whether 
the modulus variations are brought about by curing or aging mechanisms. 


EFFECT OF BLACK LOADING 


The results so far discussed apply to cold SBR tread stocks having a conven- 
tional black loading (52 phr). It is of interest to determine how the cut growth 
versus modulus relation is affected by substantial variations in black loading. 
Although other types of black (including channel blacks) have been investi- 
gated as well, the results obtained when the HAF black loading in the formula- 
tion of Table I is varied from 0 to 100 parts per hundred of rubber are typical 
and are shown in Figure 8. When cut-growth resistance is plotted as a function 
of modulus, a band of points is obtained that is characteristic for each loading. 
These bands (and the curves which are fitted to them) show an interesting 
progression which covers a very great range of cut-growth values as the black 
loading and the modulus are varied from very low to very high values. For 
modulus levels in excess of 1000 psi each curve approximates the relation ex- 
pressed by Equation (1), except that the parameters, a and b, vary greatly with 
black loading. 

At low black loadings this linear logarithmic relation holds true down to the 
lowest modulus levels that were obtained experimentally. At a black loading 
of 52 phr, however, the linear relation appears to break down at low modulus 
values. At black loadings of 80 and 100 phr the linear relations are transformed 
into curves with well defined maxima followed by a sharp decrease in cut-growth 
resistance as the modulus is progressively decreased below about 1000 psi. 

The curves of Figure 8 can be used to determine the cut-growth resistance as 
a function of the loading of HAF black at any modulus level. Constructed 
with data taken from Figure 8, Figure 9 shows cut-growth resistance as a func- 
tion of black loading for modulus levels of 800, 1200, and 1600 psi; a separate 


— 
a 


RUBBER CHEMISTRY AND TECHNOLOGY 
1000 


CURVE NO. BLACK, phr. 
0 


800 1600 2400 
300% MODULUS, Ibs. /in.? 
Fie. 8.—Effect of HAF black loading on cut-growth resistance versus 300 per cent modulus. 
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Fie. 9.—Cut-growth resistance as a function of HAF black loading at various 300 per cent moduli. 
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curve is obtained at each modulus. These curves reveal that for any given 
modulus level there exists a narrow range of black loadings within which the 
cut-growth resistance of the vulcanizates isa maximum. ForSBR/HAF stocks 
having a normal tire cure, this optimum range lies between approximately 45 
and 55 phr of black. Groove-cracking resistance decreases rapidly as the black 
loading departs, in either direction, from this range. 

From a theoretical point of view it seems perhaps surprising that the curves 
of Figure 9 should exhibit maxima. It is possible, however, to demonstrate 
that the form of these curves is directly related to the stress-strain characteris- 
tics of the stock. The explanation arises from the connection that has been 
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ELONGATION AT BREAK, PERCENT. 
Fie. 10,—Cut-growth resistance versus elongation at break for SBR/HAF black stocks. 


found to exist between the cut-growth resistance and the breaking elongation. 
This new relation will now be considered. 


CUT-GROWTH RESISTANCE IN RELATION TO ELONGATION AT BREAK 


The relation between cut-growth resistance and modulus in cold SBR stocks 
at 150° F has been shown to be dependent on the type of black used and greatly 
dependent on the black loading. On the other hand, the relation has been 
found to be virtually independent of substantial variations in the curing sys- 
tem, temperature and time of cure, antioxidant concentration, extent of air 
aging, etc. These conclusions suggest that the cut-growth resistance of SBR 
stocks, although related to their moduli, may be even more fundamentally re- 
lated to some other physical property, in terms of which there will result an 
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expression for cut-growth resistance that is independent of the type of black 
and the black loading. 

Figure 10 shows that such a property is the elongation at break measured at 
room temperature. If the cut-growth values used .n obtaining Figure 8 are 
plotted aginst the breaking elongation of the corresponding vulcanizates in- 
stead of against their 300 per cent modulus values, the data for the varying 
black loadings all fall within one single band, independent of black loading (if, 
for the moment, we exclude the data for stocks having very high black loadings 
and also very low cures). Although the data shown in Figure 10 are for SBR/ 
HAF stocks, the relation there indicated has been shown to be essentially inde- 
pendent of the type of black used. 

A system of curves can be fitted to the data of Figure 10 which consists of a 
main spine, with descending branches at 60 and 80 phr of black. These de- 
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Fra. 11.—Cut-growth resistance versus elongation at break as log-log plot. 


scending branches are caused by highly loaded stocks cured to very low moduli 
and reflect the deviations of the corresponding cut-growth versus modulus 
curves from the logarithmic relation (Figure 8). Actually, the cut growth 
versus elongation relation for the stock having 100 phr of black also has a de- 
scending branch, but the latter falls within the band characterizing the main 
spine. 

The behavior of stocks with high loadings and also low states of cure sug- 
gests that the main spine of Figure 10 actually represents the envelope of a series 
of cut-growth versus breaking elongation curves, each of which passes through 
a maximum as the breaking elongation diminishes from a high value (at a low 
state of cure) to a low value (at a high state of cure). The location of these 
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maxima seems to move to the right along the envelope as the black loading 
diminishes. For black loadings of 50 phr or less, the location of the maxima 
presumably occurs at such low states of cure as to be virtually impossible to 
detect experimentally. 

When black stocks, regardless of black loading, are all cured to a 300 per 
cent modulus of 800 psi or more, the descending limbs do not appear, and the cut 
growth versus breaking elongation data all fall within the main band of Figure 
10. Figure 11 shows that on a log-log plot, this band is almost linear. It can 
then be approximately represented by a straight line having the equation: 


log (KC/in) = 3.65 log EF, — 8.31 (2) 
where: (KC/in) = cut growth resistance at 150° F in kilocycles per inch. EZ, 
= the breaking elongation as measured on the Scott machine" at room temper- 
ature. 


IV 


CALCULATION OF Cut-GrowTH Resistance as Function or HAF Brack Loapina 
IN TreaD Stocks Curep To 800 PSI Moputus 


Calculated 
% Breaking 150° F 
elongation cut-growth 
of stock resistance 
Black when 300% in kilocycles 
loading, modulus per inch 
phr is 800 psi (Equation (3)) 


0 


13 320 7 
26 540 46 
40 650 91 
46 640 86 
52 625 79 
58 590 64 
65 500 35 
80 375 12 


100 230 2 


It should be emphasized that the above equations apply only to results ob- 
tained on the modified De Mattia machine when operated as indicated in 
Figure 1. 

It is recognized that correlations between crack-growth resistance measured 
at 150° F have been made with stress-strain properties measured at room tem- 
perature. If cracking resistance and stress-strain measurements were both 
made at the same temperature, the constants shown in Equation (2) would un- 
doubtedly be altered somewhat; also, the experimental data might more closely 
approximate a linear relation on the log-log plot. 


CALCULATION OF CUT-GROWTH RESISTANCE FROM 
MEASUREMENTS OF ELONGATION AT BREAK 


Equation (2) signifies that the cut-growth resistance of any cold SBR tread 
stock in this test can be calculated if the breaking elongation of the stock is 
known. While this statement applies without qualification only if stocks hav- 
ing both very high black loadings and very low states of cure are excluded, it 
holds for all practical tread vulcanizates since these are usually cured to 300 per 
cent modulus values of 800 psi or more. 
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Equation (2) can be used to explain the maxima which characterized the 
curves of Figure 9. Thus, the procedure for calculating the cut-growth resist- 
ance as a function of carbon black loading in cold SBR/HAF tread stocks cured 
to a 300 per cent modulus of 800 psi is summarized in Table IV, and the results 
are shown in Figure 12. 

The first step is to determine, over a wide range of cures, the stress-strain 
properties of stocks having varying amounts of HAF black. The 300 per cent 
modulus is then plotted against the breaking elongation, as shown in Figure 
12A. From each of these curves, the breaking elongation that corresponds to 
a 300 per cent modulus of 800 psi is then determined. Finally, these breaking 
elongations are substituted into Equation (2), and the calculated cut-growth 
resistance values are plotted against the corresponding black loadings, as indi- 
cated in the curve in Figure 12B. This curve is seen to have the general features 
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Fie. 12.—A, left, 300 per cent modulus versus elongation at break—effect of HAF black loading; B, right, 
calculated cut-growth resistance versus HAF black loading 


of the corresponding curve in Figure 9, and the calculated cut-growth resistance 
values do not differ greatly from those obtained experimentally. 


SUMMARY AND CONCLUSIONS 


By using an existing cut-growth test in a new way it has been possible not 
only to increase the reproducibility of the results, but also to show important 
relations between cut-growth resistance and modulus, or the elongation at 
break of cold SBR tread stocks. 

The logarithm of the cut-growth resistance of cold SBR vulcanizates as 
measured on a modified De Mattia machine, is shown to be a linear function of 
the 300 per cent modulus, except for certain undercured stocks. The slope of 
the curve is dependent on the type and the amount of black, but is relatively 
independent of the type of curing system, amount of antioxidant, and time of 
Geer aging. 

An equation has been found which relates cut-growth resistance at 150° F 
with the elongation at break of the vulcanizate. Except for stocks having black 
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loadings in excess of about 55 phr and having in addition modulus values less 
than 800 psi, this relation appears to be nearly independent of black loading, 
type of black, curing system, time or temperature of cure, antioxidant concentra- 
tion, and extent of Geer aging. 

The elongation at break of an SBR tread stock thus appears to be a primary 
factor governing its groove-cracking behavior. The relation between cut- 
growth resistance and modulus is of secondary significance and evidently de- 
pends upon the interrelation between the modulus and breaking elongation of 
these formulations. The breaking elongation, however, cannot be the sole 
factor governing the groove-cracking behavior; otherwise there would be no 
restrictions on the validity of the breaking elongation equation. 
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CONTRIBUTIONS TO THE MECHANISM OF 
DEVULCANIZATION II * 


W. E. Srarrorp, J. B. Attcrorr anp D. T. SARGENT 


Russer Receneratine Company, Lrpv., ENGLAND 


INTRODUCTION 


A previous communication! recorded certain chemical changes which take 
place as a result of the reclaiming of three different types of natural rubber vul- 
canizates. The findings are summarized as follows: 


1. According to the reclaiming process used, there are varying degrees of 
increase in the zinc sulfide content, and under certain specific conditions, i.e., 
alkali treatment or prior removal of uncombined sulfur, there is a small but 
definite decrease in sulfur combined to rubber. 

2. It is well known that reclaim RHC contains a depolymerized fraction 
which is soluble in chloroform, and some earlier publications have inferred a 
value of between 7 and 10 for the ratio of the sulfur percentage in the chloroform 
insoluble rubber hydrocarbon to that in the chloroform soluble fraction. Our 
work shows this ratio to be only of the order of 1.05 to 1.44, for reclaims from 
normal sulfur-cured vulcanizates, and 2.0 to 2.4 for a sulfurless TMT type. 

While it is appreciated that our investigation was not based upon orthodox 
commercial reclaims, and that higher temperatures are used today in reclaim- 
ing, the concept that the soluble fraction of the reclaim hydrocarbon is relatively 
sulfur-free can no longer be accepted. 

3. Sulfurless TMT vulcanizates, a class normally accepted as nonreverting, 
were found to be the most amenable to plasticization under reclaiming condi- 
tions. 


The work now presented covers some selected experiments in the reclaiming 
of natural, GR-S, and butyl rubbers. In order to investigate the degree of 
degradation which is seemingly inevitable in the thermal plasticization of vul- 
canized rubber, certain physical properties of the resultant reclaims were com- 
pared with those of the parent stocks. Degradation in this sense is used to ex- 
press the differences in tensile strength, etc., of the cured reclaims, compared 
with their parent vulcanizates. 


EXPERIMENTAL 


Continuing the work on natural rubber, but using a type of accelerator con- 
taining no sulfur, the following compound was mixed and cured to optimum for 
20 minutes at 140° C in the press. 


Mix H 
Smoked sheet 
Zinc oxide 
Sulfur 
Stearic acid 
Trimene base 
* Reprinted from the Rubber Journal, Vol. 132, May 4, 1957. 
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The cured slabs were reclaimed as follows: 

A. Fine ground, devulcanized in 3 per cent caustic soda for 24 hours at 
191° C, washed with water, vacuum dried, and milled. 

B. Fine ground, boiled with dilute sodium sulfite to remove free sulfur and, 
after washing, devulcanized in water for 24 hours at 191° C, and subsequently 
treated asin A. (See Table I.) 


DISCUSSION 


These results provide additional evidence that with alkali reclaiming, as 
well as when free sulfur is first removed with sodium sulfite, there is some reduc- 
tion in rubber combined sulfur. The ratios 2 using 2 per cent sulfur and 1.5 
per cent Trimene Base, as compared with those reported in our previous com- 
munication using a system 3.5 per cent sulfur and 0.5 per cent MBT, are as 
follows: 

Trimene base/ MBT/ 

Treatment Sulfur Sulfur 

Alkali reclaimed 1.09 1.18 
Free sulfur prior rce.uoved with 


sodium sulfite and then re- 
claimed in water 1.34 1.42 


A commercial alkali reclaim, prepared from latex scrap, was analyzed and 


the ratio 2 came out at 1.44. Within the limits of our experiments, therefore, 
the ratio of sulfur in the chloroform insoluble to that of the soluble fraction of 
the RHC of the reclaim does not vary widely with the vulcanizing system of the 
parent vulcanizate. Should this be generally true, it follows that this ratio is 
probably of less importance as an indication of certain suggested degradation 


mechanisms than was hitherto suggested. 


RECLAIMING OF GR-S 


The work here reported was confined to a simple mix using a phenolic 
sulfide as reclaiming agent and dipentene as swelling agent. The use of similar 
agencies has been reported previously in the literature. 


Mix I 


GR-S 

Zine oxide 
Stearic acid 
Sulfur 
MBTS 


Slabs were cured for one hour at 137° C and then ground and devulcanized 
in water for 16 hours at 191° C, as follows: 


1. Without further additions. 
2. With varying ratios of reclaiming agent and 15 per cent Dipentene. 
Stocks were washed, dried and milled as previously. (See Table IT.) 


Rubber combined sulfur was computed from the total sulfur after acetone 
and alcoholic potash extractions, less sulfide sulfur. 
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DISCUSSION 


1. Cook, et al.? have investigated the use of certain polyalkyl phenolic 
sulfides in the reclamation of vulcanized GR-S. In their presence they found 
a small though definite increase in rubber combined sulfur, whereas without 
reclaiming agent, this was slightly reduced. In our experiments, using reclaim- 
ing agent, the rubber combined sulfur of the reclaim did not exceed that of the 
parent vulcanizates. On the contrary, reductions of 0.2 to 0.3 per cent were 
obtained. 

2. As with natural rubber, reclaiming of GR-S leads to increased zinc sulfide 
content. Some, though not all, of the increased sulfide sulfur arises from the 
reclaiming agent, a finding in line with that reported by Amberlang and Smith’. 


3. The 2 ratios were determined for these reclaims and they varied between 


1.36 and 1.10, results of a similar order to those obtained with natural rubbers 
in which reclaiming agents were not used. This observation perhaps indicates 
that the use of the reclaiming agent does not radically change the mechanism of 
polymer devulcanization, or alternatively, promotes a type of degradation more 
akin to that which normally obtains with natural rubber vulcanizates, when 
reclaimed without their use. 

4. It should be noted that without reclaiming agent, the vulcanizates were 
inadequately softened and failed to cohere on subsequent processing, while 
devulcanization was effective in its presence. Amberlang and Smith’, have 
suggested certain reaction mechanisms for the pronounced reclaiming effects of 
polyalkylphenol sulfides, among which are chemical combination and conse- 
quent disruption of the sulfur crosslinks, or catalyzed oxidative scission at the 
sulfur links. As far as our experiments have been pursued, even very wide 
differences in the plasticity of the GR-S reclaims, all prepared from a standard 
parent vulcanizate, were not accompanied by any very significant differences 
in rubber combined sulfur. While recognizing that analytical determinations 
of such combined sulfurs give no indication of the actual mode of chemical 
combination, they are nevertheless difficult to reconcile with the hypothesis of 
crosslink disruption arising from reaction with the phenolic sulfides. 


RECLAIMING OF BUTYL AND COMPARISON WITH 
CERTAIN TYPES OF NATURAL RUBBER RECLAIMS 


This work included chemical analysis of butyl vulcanizates, both before and 
after reclaiming, together with a comparison of certain physical properties of 
vulcanized reclaims with their vulcanizates of origin. The latter was extended 
to commercial butyl tube scrap and natural rubber vulcanizates, one sulfurless 
TMT cured and the other an orthodox MBT type. 


EXPERIMENTAL 
Cc 
100.0 


E 
10 samples of 
commercial buty] 
tube scrap manu- 
facturer’s waste 


Natural rubber 
Buty! rubber 
Stearic acid 
Zine oxide 
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Samples A and B were cured 20 minutes at 160° C and C and D 20 minutes 


at 140° C. 
Tensile str Elongati Modul 
B 2400 680 755 
Cc 2950 570 1165 
D 2465 530 850 
E Average 1770 615 590 


RECLAIMING 


1. Each of the above were ground, reclaimed in water for 16 hours at 191°C, 
washed, dried, sheeted and refined. 

2. A quantity of Mix A vulcanizate was ground and extracted with MEK 
for 48 hours, so removing uncombined sulfur, and processes as in 1. 


CHEM ICAL ANALYSIS 
The following applies to our analyses of butyl stocks and reclaims. 


(a) Free sulfur—Rehner and Holowchak* recommended the use of methyl 
ethyl ketone in preference to acetone, and accordingly, 48 hours’ extraction with 
this solvent was used throughout this work to remove uncombined sulfur. 

(b) Total sulfur—This was determined by a modification of the old Caspari 
potash-peroxide fusion method. The rubber was very slowly fused with potash 
in a large covered nickel crucible, oxidized with sodium peroxide, and the sulfur 
estimated as BaSQ,. Good reproducible results were obtained. 

(c) Sulfide sulfur—Kolthoff and Lignone®, and Zapp, et al.*, determined 
sulfide sulfur by first removing zinc oxide as oleate and computing sulfide sulfur 
from the residual zinc sulfide. The method’ employed here was a modification 
of that given in BS 903, decomposition by hydrochloric acid being preceded 
by 48 hours’ swelling in cyclohexane. Very consistent results were obtained 
by this procedure. 


Before After 
1. Mix A 
MEK extract 6.34 4.20 
Sulfur in MEK extract 1.35 0.07 
Sulfur extracted with alcholic 
potash 0.35 0.03 
Total sulfur 2.36 1.95 
Total sulfur after alcoholic 
otash 0.66 1.85 
Sulfide sulfur 0.13 1.56 
Sulfur combined to butyl rubber 
(as % of same) 0.59 0.32 
2. Mix A after 48 hours’ extraction with MEK 
Sulfide sulfur 0.13 0.43 
DISCUSSION 


1. As with sulfur cured natural rubber and GR-S, the reclaiming of buty] is 
characterized by increased sulfide sulfur. 

2. Total sulfur is significantly reduced, for which no completely satisfactory 
explanation can be offered at this stage. 
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3. Our previous work has shown that the reclaiming of natural rubber vul- 
canizates, containing substantial amounts of acetone extractable sulfur (1-2 
per cent), invariably leads to a higher rubber combined sulfur. When uncom- 
bined sulfur is substantially removed before devulcanization, for example, by 
open boiling in aqueous sodium sulfite or in alkali reclaiming, small reductions 
in rubber combined sulfur have been obtained. With butyl, even though ex- 
tractable sulfur is very high at 1.35 per cent, there is a significant reduction in 
that combined to butyl, i.e., from 0.59 per cent to 0.32 percent. This reduction 
would appear to be contained in the very large increase of sulfide sulfur from 
0.13 per cent to 1.56 per cent. It is to be noted that when extractable sulfur is 
removed with MEK and reclaiming is carried out subsequently, there is an in- 
crease in sulfide sulfur from 0.13 per cent to 0.43 per cent. This confirms that, 
as a result of reclaiming, some sulfur combined to butyl in the parent vulcanizate 
is converted to zinc sulfide. 

The water reclaiming of natural rubber, containing a significant proportion 
of extractable sulfur, results in both increased rubber combined sulfur and zine 
sulfide. With butyl, virtually all the extractable sulfur, together with some 
previously combined to butyl, is converted to zine sulfide. In this respect, 
butyl vulcanizates with high uncombined sulfur behave in a somewhat similar 
manner to natural rubber, from which this sulfur is removed before reclaiming. 
The following results demonstrate this point. 


NATURAL RUBBER 


Free 


Treatment sulfur sulfur to rubber 
Original vulcanizate 2.47 0.53 2.70 
Water devulcanized 16 hr 
at 191° C 0.16 1.52 4.22 


Free sulfur first removed 
with sodium sulfite and 
product then water de- 
vulcanized 16 hr at 191° C 


0.05 0.80 2.39 


Buryt Russer 
1.35 0.13 0.59 


0.07 1.56 0.32 


Original vulcanizate 
Devulcanized in water 16 hr 
at 191°C 


No doubt the low degree of unsaturation of butyl, as compared to natural 
rubber, largely accounts for the difference observed. Whereas the reaction of 
free sulfur with the synthetic polymer is overshadowed by reaction with zine 
oxide, with natural rubber, combination with sulfur is maintained. 

It is to be noted that the original butyl vulcanizates, after 48 hours’ extrac- 
tion with MEK, lost a further 0.35 per cent of sulfur to alcoholic potash, but 
there was no such loss with the reclaim. This was not reported by Zapp, et al.®, 
who found that zine sulfide formation increased with temperature and time of 
cure, particularly above 350° F, and that sulfide linkages were broken down to 
thiols. Further evidence of the breakdown of such linkages is found in the work 
of Farmer and Shipley®. Grassie’ suggests that unsaturated polysulfides heated 
to 170—180° C break down to thiols and hydrogen sulfide, the latter arising from 
hydrogen abstraction from the a-methylene groups. Finally, Adams and 
Johnson” found that late in the vulcanization reaction, when practically all the 
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sulfur had reacted, the decrease in crosslinking balanced the increase in zinc 
sulfide so that the sum of the two remained constant. A reduction of the sulfur 
combined to butyl, as a consequence of reclaiming, does not appear to be out of 
line with presentday conceptions of the thermal stability of sulfur crosslinked 
vulcanizates. 


EXPERIMENTAL PHYSICAL PROPERTIES BEFORE 
AND AFTER RECLAIMING 


The resultant reclaims prepared from the Mixings B, C, D, and E, as stated, 
were recured and the results of the physical tests are given below. 


B D E 


carbon Natural with 
Butyl with sulfurless carbon Butyl tube 
carbon cure MBT cure waste 
Reclaim 150.5 152.1 152.5 182.0 
Stearic acid 2.0 2.0 — 
Zine oxide : 


5.0 


0.2 


Physical tests Optimum cures 
Tensile 

strength 1510 psi 2500 psi 925 psi 1715 psi 
Elongation 670% 430% 160% 550% 
Modulus 


300% 400 psi 1375 psi 


RATING 


Tensile strength and elongation of reclaim as compared to those of the 
original scrap. 


Tensile 1510 2500 925 1715 
strength 2400 ~ 9% *4% 87% 97% 
Elonga- 670 430 160 550 
tion 680 = 98% 570 = 75% 530 = 30% 615 = 90% 
Modulus 400 1375 730 
300% 755 ~ 3% = 118% 590 ~ 


DISCUSSION 


These results, taken in conjunction with our previous work, show that both 
the vulcanizing system and the polymer have a significant influence, not only 
on the reclaiming susceptibility, but also on the quality of the ultimate reclaim. 
Expressed another way, the mode of vulcanization and the nature of the poly- 
mer exert a major influence upon the resistance to degradation in water at 
191° C, always assuming that degradation is measured in terms of the degree 
of inability of the reclaim to be revulcanized to the quality of the parent vul- 
canizate. 

Mix B (butyl rubber reclaim) has retained some 63 per cent of its original 
strength and 98 per cent of its elongation, whereas with Mix E (butyl tube 
waste reclaim), there has been only 3 per cent loss of strength and 10 per cent 
loss of elongation. It is suspected that the reclaim B mix has not cured to 
optimum, especially since the modulus is so much lower than the original, 
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whereas with the tube waste E there is a 30 per cent increase in this characteris- 
tic. These results fully support the contention that butyl scrap, properly 
reclaimed, loses only a small fraction of its original properties and hence has 
such a high compounding value. 

The differences between Mixes C and D are most striking. The reclaim 
from C was much more plastic than orthodox reclaim, whereas D was dry and 
“bready”. The sulfurless TMT stock C retains 84 per cent of the original 
strength on recure, whereas MBT stock D retains only 37 per cent. While the 
limitations of the method of rating the various reclaims are fully recognized, the 
results obtained would appear to have points of interest. Both sulfur cured 
butyl and TMT sulfurless cured natural rubber, at least superficially, have 
certain common characteristics, e.g., both have very low rubber combined sulfur 
at their optimum cures (usually 0.4-0.6 per cent), a pronounced resistance to 
oxidation and an ability to replasticize readily in steam at the appropriate tem- 
peratures, i.e., they are easy to reclaim. 

The plasticization of vulcanized rubber in conventional heat reclaiming proc- 
esses has been stated to result mainly from oxidative scission of the hydrocarbon 
molecules and, while it has long been known that increasing combined sulfur, 
e.g., recured reclaims, prejudices replasticization, in general, crosslinkages, at 
least in the soft rubber range, have not been regarded as a major factor in the 
reclaiming mechanism. Hydroperoxidative chain scission leading to fragmen- 
tary molecules has come to be regarded as basic to devulcanization. On the 
other hand, it has already been proved that the chemical nature of the crosslinks 
themselves, e.g., sulfur or p-quinone dioxime GR-S vulcanizates, can exert a 
profound influence upon the efficiency of catalyzed reclaiming heat treatments’. 
Since both butyl and TMT sulfurless cures have outstanding resistance to oxida- 
tion, a reduced rate of oxidative chain scission, and hence reclaiming rate, may 
have been expected, but previous work, together with that here recorded, shows 
that these types of vulcanizates are characterized by easy plasticization and a 
high retention of strength in the ultimate reclaims. The latter is interpreted 
as being in keeping with a minimum degree of molecular chain breakdown, a 
condition to be anticipated from the pronounced resistance to oxidation of the 
original vulcanizates. While more or less hypothetical, the reclamation of butyl 
and TMT sulfurless stocks, from which reclaims of high quality result, could be 
explained on a basis of the destruction of original crosslinkages, together with 
a minimum of chain scission and reaggregation of fragments. The expression 
of fragmentary molecules, so frequently used to characterize reclaim, would 
appear to have less meaning where tensile strength is only relatively slightly 
reduced by the process of reclamation. 


SUMMARY 


Certain aspects of the reclamation of natural, butyl, and GR-S rubbers have 
been considered. While there are specific characteristic changes in all cases, 
e.g., zinc sulfide formation, etc., at the same time, important differences are 
recorded. The relation between some physical characteristics of cured re- 
claims and their parent vulcanizates have been discussed. 

The wide differences in the quality of reclaims, dependent upon the nature 
of the vulcanizing system employed in the parent vulcanizate, are interpreted 
as being substantially in agreement with previously published work, which has 
demonstrated the importance of curing mechanism upon reclaiming suscepti- 
bility. 
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SOME FACTORS WHICH DETERMINE THE FLIGHT 
OF SOUNDING BALLOONS 


A. ANGIOLETTI AND U. FELICE 


Unfortunately a mistake was made in Mr. Felice’s name on page 1188, vol- 
ume 30, of RupBeR CHEMISTRY AND TECHNOLOGY. The mistake has been 
corrected in the decennial index which is in the December issue of volume 30. 


A STUDY OF VULCANIZATION ACCELERATORS. I. 
COMPOUNDS WHICH REACT ANALOGOUSLY TO 
RUBBER 


J. SHimozato AND K. Ura 


Researcn Lasoratory oF Nippon Rusper Company, Limirep 


This paper, which appeared in Ruspper CHEMISTRY AND TECHNOLOGY, 
volume 30, 952 (1957), contained several errors which should be corrected 


as follows: 


On p. 953 the left hand structural formula at the bottom of the page 
should not be for a ring compound at all but rather should be the formula 
for the isoprene unit of the natural rubber chain. Thus, the vertical 
C—C single bond bearing the methyl group should be changed to a 
double bond. The vertical single bond on the opposite side of the ring 
should be opened to form methylene groups of other isoprene units. 
On p. 955, line 24 change “hexamethylenediamine” to “hexamethylene 
tetramine”. In line 26 change “dibenzothiazoledisulfie” to ‘benzo- 
thiazolyl disulfide’. 

On p. 958, line 15 ‘“‘xylene > toluene” should be “xylene = toluene’. 
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THE WANDERBILT LABORATORY 


.- Located in East Norwalk, Connecticut. 
Maintained as a development and 


technical service center in the interest 
of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 
Latex, and Plastics Compounding. 


Products of Vanderbilt Research 
it Will Pay You to Investigate... 


VANSTAY 
Vinyl Heat and 
Light Stabilizers. 


. Materials developed 

to keep pace 

with Industry’s demands 
for higher temperature 
Vinyl protection in process 
and in service. 


VANDERBILT CO., INC. 


230 Park Avenue, York 17, 
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News about 


B.EGoodrich Chemical :aw materials 


‘blister resistant 
Hycar 


* 

new compounds 
meet industrial 
specs 


Blister resistant Mycar for high pressure gas 
service. A new, extremely strong and blister 
resistant Hycar compound—1001/SAF— 
has been developed specifically for making 
sleeves and diaphragms used in high pres- 
sure regulators for the oil and gas industry. 
Ordinary rubbers proved unsatisfactory be- 
cause they did not have high oil resistance 
combined with physical strength to reduce 
oil and gas penetration; and the ability to 
withstand internal pressures from entrapped 
gases after flow pressures up to 3000 psi 
were removed. This pressure removal often 
caused severe or complete 
of parts made from ordinary rubber. Follow- 
ing tests on various Hycar compounds, these 
conclusions were reached: 


ed 4 acrylonitrile Hycar polymers perform 


(2) Loading with fine particle size blacks give 
highest blister resistance. SAF black pro- 
vides the best results. 

(3) Plasticizers increase blistering. Extractable 
types are especially bad. Small amounts 
of non-extractable plasticizer can be used 
as a processing aid. 

(4) The curing system is not important as long 
as a tight cure is obtained. 


SAF BLACK 
Gas penetration 
No blisters 
Solid core 


Hycar 1001 
Completely 
penetrated 


Few small 


Hycar 1042 blisters 


Cross sections of several polymers were made after 

one week's exposure to 100 psi carbon dioxide and 

600 psi ethylene. These sections clearly show the 

erior blister resistance of bigh acrylonitrile 

lycar 1001 and the better performance achie 

SAF Black Loading. Base recipe for this 

hest: ar 100.0; Zinc oxide 5.0; Black 
loading 40.0; TMTD 3.5; Stearic Acid 1.0. 


One of the new applications of Hycar American 
Rubber is this honeycomb which is multiple extruded 
and used as a spring core for freight car journal box 
lubricators. A unique rubber product, it bas excep- 
tional radial spring, axial stiffness and lity of 
and di It withstands 


extremes, oil immersion and abrasion. 


NEW HYCAR COMPOUNDS FOR 


INDUSTRIAL SPECIFICATIONS 
Bendix - Westinghouse apes 1036-M .. . requir- 
ing very low volume change after immersion 
in ASTM No. 1 and No. 3 oils and satisfac- 
tory performance at —40°F. Primary uses: 
valves and valve seats. Hycar 1042 compound. 


Spec MIL-G-1086A . . . requiring re- 
sistance to aviation gasoline, water and 
asphalt. For gaskets on bolted steel storage 
tanks. Hycar 1042 compounds. 


Allison Spec 22619... requiring a 
90+5 Durometer A compound with excel- 
lent oil resistance at high temperatures. Two 
Hycar 1042 compounds meet the spec. 


Automotive Spec No. 69 .. . requiring a 7045 
Durometer A compound, good oil resist- 
ance and ability to withstand temperature 
extremes. Applications: lip-type seals and 
other automotive seals. A Hycar 1042 com- 
pound has narrow volume change limits 
after aging in ASTM No. 1 oil at 300°F; and 
—15°F low temperature brittleness. 


For further information on Hycar nitrile 
rubber, write Dept. HP-4, B.F.Goodrich 
Chemical Company, 3135 Euclid Avenue, 
Cleveland 15, Ohio. Cable address: Good- 
chemco. In Canada: Kitchener, Ontario. 


Hyecar 


B.F.Goodrich Chemical Company 
a division of The B.F.Goodrich Company 


: 
2 
FEF BLACK 
Extremely 
small blisters 
Hycar 1001 
Completely 
penetrated 
Many small | 
7 Hycar 1042 
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“CAMELBACK ?” 


in the West— make it with 
SHELL SYNTHETIC RUBBER 


For both quality and economy in making 
tread rubber, there is no better beginning 
than Shell S-1500 cold rubber, S-1600 
black masterbatch or S-1712 oil master- 
batch. These versatile synthetic rubbers 
are ideal for many other important prod- 
ucts, too, such as hose, belting, wire and 
cable insulatica. 

The Shell Chemical plant at Torrance, 
California, produces 22 different 
butadiene-styrene synthetic rubbers— 
hot, cold, oil-extended and black master- 


batch rubber, as well as hot and cold 
latices. Our Technical Service Labora- 
tory is always ready to work with you in 
determining which of these will best serve 
your purposes. 

Whenever you need synthetic rubber 
for camelback or for a host of other uses, 
think of us in Torrance. 

Phone or write for a catalog and infor- 
mation on specific products. 

Our phone number in Los Angeles is 
FAculty 1-2340, 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division 
P.O. Box 216, Torrance, California 
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TYPES AVAILABLE 


Ameripol 1006 crumb— 23% 
bound styrene copolymer with a 
non-staining antioxidant. 


Ameripol 1012 crumb—similar 
to Ameripol 1006 with higher 
solution viscosity and greater green 
strength. 


Ameripol 1013 crumb— 43% 

nd styrene copolymer with in- 
creased thermoplasticity, strength 
and water resistance. 


Ameripol 1009 crumb— 23% 
bound styrene copolymer with 
cross-lining agent to give a gel- 
like consistency. 


NEW FORM FOR AMERIPOL 
Rubber crumbles ...cost tumbles 


Processing cost savings are con- 
siderabie with Ameripol hot poly- 
mers in “crumb” form. You no longer 
need expensive milling and cutting 
or pelletizing equipment in solution 
processes. Ameripol ‘‘crumb” form 
rubber can be dissolved in a churn 
or a simple agitated vessel. 


This innovation in SBR rubber was 
developed by Goodrich-Gulf research 
for manufacturers of rubber adhesives, 
mastics, cements or other products 
where rubber raw material must be 
put in solution before processing. It 
cuts costs in molding and extrusion, 
too. Manual cutting of conventional 


bales of rubber to exact weight can 
be eliminated. 


Ameripol hot polymers in crumb 
form have been fully evaluated in 
use and are available in production 
quantities. More than ever, Ameripol 
is the preferred man-made rubber. 
Contact us for your requirements. 


Goodrich -Gulf 
Chemicals, Inc. 


Cleveland 15, Ohio 


3121 Euclid Ave. + 


THE NAME TO REMEMBER FOR QUALITY BACKED BY YEARS OF RESEARCH AND EXPERIENCE 
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To the 
Rubber Industry! ~ ~ ~ 


This Journal is supported by advertising 
from leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM- 
ISTRY AND TECHNOLOGY even more valu- 
able as a convenient reference of ‘‘ Rubberana.’’ 


Specify materials from suppliers listed on 
page 32. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rubber 
Chemistry and Technology, c/o E. I. du Pont de 
Nemours & Company, 40 E. Buchtel Ave. at 
High Street, Akron 8, Ohio. 
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NEW! 


Technical Data 
For Consumers Of 


ST. JOE ZINC OXIDES, a 48-page, 8%” x 11° 


Preface + A Short History of the St. Joseph illustrated booklet, is yours for the asking. In it we have 
Lead Company « The Production of St. Joe included that information which is considered to be 
Zine Oxides + Mining + Milling « Roasting « 
‘is Because of our unique Electrothermic Process, an outline 
Oxide Pellets + St. Joe Granular Zinc of the method by means of which we produce our 

Oxide + Unit Loading of Zinc Oxide in 
Bags + Research and Development 


of maximum interest and value to the consuming industries. 


lead-free, American Process zine oxides, has also been 
included. As the table of contents indicates, the 
SECTION 2—Technical Data production aspects of ST. JOE ZINC OXIDES appear in 


General Properties of Zinc Oxide » Zinc Section 1 and supplements the technical data 


Oxide in Rubber Compounds + Tables— _in Section 2 of this book. 
Fast Curing Types, Slow Curing Types, 
Surtace Treated Types, Latex Grades cam be obtained free 


Zine Oxide ta Protective Coctings Table By wilting te: 


JOSEPH LEAD COMPANY 


Oxide in Chemical, Pharmaceutical and 250 PARK AVENUE 
other Industries + St. Joe Distributor NEW YORK 17,N. Y. 
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prooucrs 


SPECIAt Para-Flux® 


Para Lube 

2016 Para-Flux® 
39 VEARS Para Resins® 

MODX 

PHENEX 


SPDX-GH 
SPDX-GL 


of 
Chemical Service 


Stabilite Alba 


Stabilite White® 
0 Retardex 


Rubber Trade! 


"ECHNICAL AND 


Antioxidants 
Activators 

Fillers 

Curing Agents 
Dusting Powders 
Accelerators 
Acids 

Alkalies 
Plasticizers 


Low Temperature 
Plasticizers 


Maglite® M, D&K 


Abrasives 
Solvents 
CHEMICAL MANUFACTURERS Oxides 
ESTERS 
Mold Lubricants 


AKRON, OHIO @ LOS ANGELES, CALIF. © CHICAGO, ILLINOIS @ NEWARK, N. J.@ MEMPHIS, TENN. 
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MR. COMPOUNDER... 


Can you top this for information 
from a single test determination? 


CHART PRODUCED 
BY SCOTT’S MOONEY 
VISCOMETER YIELDS + i 
3 VITAL EVALUATIONS = 
TO CONTROL QUALITY = 
AND PROCESSING OF 
ELASTOMERIC 
COMPOUNDS 


Typical Viscosity-Time and 
Temperature-Time Curves. 


The Scott Mooney Viscometer—either Model NBS or the new, 
improved Model STI—yields precise readings which make it 
possible to plot viscosity-time and temperature-time curves, 
which give the following information: 


1. TEST OF QUALITY. 


Will your product from this stock meet the physical 
property requirements such as tear-dynamic modulus 


2, MEASUREMENT OF HEAT HISTORY 


Can you complete the processing cycle for this stock 
without scorching - - - ? 


3. MEASUREMENT OF TIME TO OPTIMUM CURE 
Will the curing cycle set for this stock give you optimum 
cure -~--? 


(Chart credit: ASTM ‘Test for Curing Characteristics of 
Vulcanized Rubber—D 1077-49 T’’) 


Request Mooney Viscometer Literature 
SCOTT TESTERS, ING. 
Salt Testers — Standard of He 
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RUBBER WORLD 


LEADERSHIP THROUGH SERVICE 


RUBBER WORLD has rendered outstanding 
service to its field for over sixty-five years— 
and does so today even more effectively than 
ever before. 


For the reader this means outstanding techni- 
cal data and articles edited by technically 
trained graduate chemists with actual rubber 
production experience. 


For the advertiser this means reaching the 
men responsible for the purchase of materials 
and equipment for the production of rubber 
articles—reaching them with the largest audi- 
ted coverage of the companies, the plants, and 
the people who compromise the total buying 
power in the rubber industry. 


RUBBER WORLD 
386 Fourth Avenue, New York 16, N. Y. 
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SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


VULCANIZED VEGETABLE OILS 
RUBBER SUBSTITUTES 


REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — Albertville (Ala.) 


R BE 
CARTER BELL PRODUCTS ‘el 
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4, 
Lo, new! 
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types of natural and s 
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CLAYS, 


N.Y. 
3 RECTOR STREET me 
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HUBER CARBON BLACKS 

Wyex EPC Arogen GPF 
Easy Processing Channel Black General Purpose Furnace Black 
Arrow MPC Aromex CF 
Medium Processing Channel Black Conductive Furnace Black 
Essex SRF Aromex ISAF Intermediate 
Semi-Reinforcing Furnace Black Super Abrasion Furnace Black 
Modulex HMF Arovel FEF 
High Modulus Furnace Black Fast Extruding Furnace Black 

Aromex HAF 

High Abrasion Furnace Black 


HUBER CLAYS 
High Reinforcement 
« Very Low Grit, High Reinforcement 
Easy Processing 
Very Low Grit, Easy Processing 
White Color 


HUBER RUBBER CHEMICALS 
Turgum S, Natac, Butac Resin-Acid Softeners 
Accelerator Activator 


ADVERTISE zm 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Sekimine & {Company, 40 East 
Buchtel Ave. at S. High"St., Akron 8, Ohio. 
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Hi-White R . 
Zeolex23 . . « « « Reinforcing White Pigment 
ll J. M. HUBER CORPORATION 100 Park Ave., New York 17, New York 
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VULCACURE’ 
VULCARITE? compounding chemicals 
ALCOGUM ana stabilizer 
VULNOPOL 
VULCANOL’ 


Technical information and samples forwarded 
promptly upon request. 


ALCO OIL & CHEMICAL CORP. 


TRENTON AVE. AND WILLIAM ST., PHILADELPHIA 34, PA. + GARFIELD 5-0621 


The 


World wide news coverage provides international items of 
interest to readers in all parts of the world every week. 


A year’s subscription to Rubber Journal & International Plastics 
costs £2.158.0d or $7.70 including postage. Write for details to: 
Rubber Journal & International Plastics 
Subscription Department, Maclaren House 
131 Great Suffolk Street 
London SE 1 


74th 


YEAR OF 
PUBLICATION 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


Alco Oil and Chemical Corporation 

American Cyanamid Company, Organic Chemicals Division. . . . 
American Zinc Sales Company 

Cabot, Godfrey L., Inc 

Carter Bell Manufacturing Company, The 

Columbia-Southern Chemical Corporation 

Columbian Carbon Company (Opposite Table of Contents) 

Du Pont, Elastomer Chemicals Department (Chemicals) 

Du Pont, Elastomer Chemicals Department (HYPALON) 

Enjay Company, Inc 

Goodrich, B. F., Chemical Company (Hycar Division) 

Goodrich Gulf Chemicals 

Goodyear, Chemical Division 

Hall, C. P. Company, The 

Harwick Standard Chemical Company 

Huber, J. M., Corporation 

Monsanto Chemical Company 

New Jersey Zinc Company, The (Outside Back Cover) 
Pennsalt Chemicals Corporation, Industrial Division 

Phillips Chemical Company (Philblack) 

Phillips Chemical Company (Philprene) 

Richardson, Sid, Carbon Company 

Rubber Age 

Rubber Journal and International Plastics 

Rubber World 

St. Joseph Lead Company 

Scott Testers, Inc 

Shell Chemical Corporation, Synthetic Rubber Sales Division. . . 
Southern Clays, Inc 

Stamford Rubber Supply Company 

Sun Oil Company, Sun Petroleum Products (Opposite Title Page) 14 
Superior Zinc Corporation 27 
United Carbon Company (Inside Front Cover) 
Vanderbilt, R. T. Company 

Witco Chemical Company 1 
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Basic Literature for Rubber Men 


THE RUBBER FORMULARY 


The “pharmacopeia” for rubber—a monthly service providing all of the rub- 
ber compounds published in technical journals and suppliers’ releases. Each 
compound is on a separate card with marginal indexes for various physical 
properties, type of rubber hydrocarbon, etc. 


A simple mechanical system permits the subscriber to select compounds keyed 
to any property. You may, for example, select stocks in a given tensile range 
and then further refine your selection by a hardness figure, a type of rubber 
or by some original coding of your own. Cards are issued monthly and in 
1958 the total compounds published will probably exceed 1,000. 


The Rubber Formulary is available on annual subscription through 
RUBBER AGE at a cost of $95 per year. Back issues are available. 


RUBBER RUBBER AGE 
RED BOOK The Industry’s Outstanding 


Technical Journal Covering the 
Directory of the Manufacture of Rubber and 


Rubber Industry Rubberlike Plastics Products. 


Contains Complete Lists of Rub- 
ber Manufacturers and Suppliers 
of Materials and Equipment, 
Services, etc. 
Eleventh Issue—1957-58 150. 1200 
Edition 
Single copies (up to 3 months) 50¢ 
$12.50* Postpaid Single copies (over 3 months) 75¢ 


PALMERTON PUBLISHING CO., INC. 
101 West 3ist St., New York 1, N. Y. 
(*) Add 3% Sales Tax for Copies to New York City Addresses 
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FOR EXTRA HIGH RESISTANCE 


TO DETERIORATION, 
MAKE YOUR PRODUCTS WITH 


(DU PONT SYNTHETIC RUBBER) 


HEAT-RESISTANT—HyPaon shows un- 
usual resistance to hardening at ele- 
vated temperatures (250°-350°F.). 
Ask for Reports 56-4 and BL-306. 


OZONE-RESISTANT—Exposure to ozone 
concentrations up to 150 ppm—a mil- 
lion times atmospheric concentra- 
tions—have shown that compounds of 
HYPALON are unaffected by ozone. 
Ask for Report 56-4. 

WEATHER-RESISTANT—Compounds of 
Hypaton, brightly colored, white or 
black, do not lose their physical 
properties or appearance during long 


Report 56-4 discusses compounding and processing of HYPALON 20 


Ask our District Offices for the reference reports if you don’t have them. 


outdoor exposure. Ask for Reports 
56-4 and BL-328. 


CHEMICAL-RESISTANT — Concentrated 
sulfuric acid and hypochlorite solu- 
tions have little or no effect on com- 
pounds of Hypaton. Their superior 
resistance to oxidizing agents is a dis- 
tinct advantage over other rubber 
compositions. Ask for Report 57-10. 
Hypa.on also offers superior scuff 
and abrasion resistance—plus oil and 
grease resistance. Properly com- 
pounded vulcanizates of HyPALoN 
will resist flex cracking and crack 
growth, will not support combustion. 


E. I. du Pont de Nemours & Co. (Inc.), Elastomer Chemicals Department, Wilmington 98, Delaware 


DISTRICT OFFICES 
Akron 8, Ohio, 40£. Buchtel Ave. 
Atlanta, Ga., 1261 Spring St, NOW. 
10, Mass , 140 Federal St. 
Chicago 3, 7 South Dearborn St... ANdover 3-7000 
Detroit 35, Mich., 13000 W.7 MileRd. .... UNiversity 4-1963 
Moun an OFF Houston 6, Texas, 2601A West Grovelane ........ MOhawk 7-7429 
Palo Alto, Calif., 701 Welch bees 
Better Things for Better Living Trenton 8, N.J., 1750 N. Olden Ave... EXport 3-7141 
... through Chemistry In New York call WAlker 5-3290 
in Canada contact: Du Pont Company of Canada (1956) Ltd., Box 660, Montreal 
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You can depend upon the Precision char- 

acter of Harwick Standard Chemicals re- 

gardiess of the quantity requirement . . . 

Here is dependable assurance of uniformity 

in any type compounding material for 

tubber and plastics to give certainty in 

Our services are offered in co- i 3 

application of any compounding /JRESINS 
/ PARA-COUMARON INDENES/ 
/ HYDRO-CARBON *TERPENES 


‘MODIFIEDUSTYRENES 

ROM 


Ha aRD CHEMICAL Co. 


AKRON 5, OHIO 


B 


RANCHES: BOSTON, TRENTON, CHICAGO, LOS: ANGELES | 
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HORSE 

FASTER, | HEAD 

OXIDES 


_rormucare FASTER! 


.~ Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 

1. It is the only line having such a wide range of particle 

sizes, surface conditions and chemical compositions. 

2. Its conventional types cover the range of American 


and French Process oxides. 
3. Its exclusive types include the well-known Kadox 
That 2 “ork eed time ada single 
t means you need not waste ing a si 
Zinc Oxide to specific compound. choose 
from the Horse Head line the Zir.c Oxides that best meet 


your 


rormutate BETTER! 


. +. Because you need to mise less wen 
choose from the wide variety of Horse Head Zinc Oxides. 
. «» Because the Horse Head brands can improve the 

ear after year, for nearly a wages more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Producers of Horse Head Pigments 
++. the most complete line of white pigments— 
Titanium Dioxides and Zinc Oxides 


160 Front Street, New York 38, N. Y. 
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